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Sir: 

I, Jeffrey Ulmer, hereby declare as follows: 

1 . I received my Bachelors of Science Degree in Chenustry from the University of 
Regina in 1978 and a Doctorate of Philosophy Degree in Biochemistry from McGill University 
in 1985, 

2. I am cnrrently Senior Director at Chiron Corporation and have been at Chiron since 
1998. Before joining Chfron, I was Senior Research Fellow at Merck, Additional details 
regarding my background and qualifications can be found in the accompanying copy of my 
Curriculum Vitae (Exhibit A). 

3. I have reviewed pending Patent Application Serial No» 09/475,704, for 
"POLYNUCLEOTIDES ENCODING ANTIGENIC HIV TYPE C POLYPEPTIDE, 
POLYPEPTIDES AND USES THEREOF" by Baroett, et al., (hereinafter "the specification") 
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and the currently pending claims. I have also reviewed the Office Action dated November 17, 
2003, Therefore, I am familiar with the issues raised by the Examiner in the Office Action. 

4. I understand that the pending claims are directed to expression cassettes comprising 
nucleotide sequences that encode HIV Gag polypeptides, where the polypeptides elicit a Gag- 
specific immune response. Further, the Ga^-encoding nucleotide sequence must exhibit at least 
90% identity to the sequences of SEQ ID N0s:l-4. It is fiirther my understanding that the claims 
are also directed to cells comprising these polynucleotides and to methods of generating a Gag- 
specific immime response in a subject using the claimed polynucleotide seqtiences. 

5* It is my opinion that, as a technical matter, a skilled worker could have readily made 
and used the compositions and methods of the pending claims in light of the specification, 
together with the common general knowledge, tools and methods available in December 1999, I 
base this opinion on the data and facts set forth below; however, I call attention to the fact that it 
was considered routine experimentation at the time of fihng to determine a sequence having (i) at 
least 90% sequence identity to SEQ ID N0:M and (ii) encoding an immunogenic Gag 
polypeptide; to express such polynucleotides in stem cells or their progenitors; to deliver in a 
variety of ways such polynucleotides to generate an immune response in a subject. In addition, 
in drawing my conclusions, I have considered the nature of the claims, the quantity of 
experimentation required to practice the subject matter of the claims, the existence of working 
examples, the direction present in the specification, the state of the field at the time the 
application was filed and the level of skill in the art, 

6. At the outset, I note that the term "skilled worker" with a routine level of skill in the 
field of molecular biology, immunology and nucleic acid delivery in December 1999 had a Ph.D, 
degree and two or more years of post-doctoral training* In view of my training and experience, I 
am currently, and was in December of 1999, such a skilled worker. 

7. In December 1999, the quantity of experimentation required to identify sequences 
exhibiting 90% identity to any given sequence, for example SEQ ID NOs; M, was quite low» 
For example, BLAST software programs were commonly known and readily available on the 
Internet at this time. This set of programs allows for an easy alignment and determination of 
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percent identity as between any sequences. The skilled worker could have easily used the 
BLAST or any number of other similar programs to determine the percent identity between 
sequences (in this case between any given sequence and those presented SEQ ID NOs;M). The 
specification also provides extensive guidance in this regard, for example, pages 17-19 and 
Examples of the specification. Working examples are also provided — indeed, the specification 
provides additional sequences falling within the scope of the claims 1 and 2 (SEQ ID NO:20) 
and claims 3 and 4 (SEQ ID NO:21). Furthermore, the skilled worker could have readily 
generated any sequence falling within the scope of the claims using routine methods, for 
example by utilizing PGR to generate sequences, by introducing point mutations and the like. 
Thus, it is my opinion that it would have required only routine experimentation to determine 
sequences falling within the 90% identity, as claimed 

8. In addition, the specification provides significant direction for evaluating whether 
sequences having 90% identity to SEQ ID NO: 1-4 encode an immimogenic Gag polypeptide. 
Those of us working in the field of gene delivery and immxmology are well versed in the various 
tests for determining inununogenicity, which include computer analysis of sequences, 
comparison to known immxmogenic sequences as well as fimctional tests (e,^., ELISAs, CTL 
assays and others described in the Examples of the specification). Gag antigens or antibodies 
recognizing Gag antigens had long been used to test for Gag-stimulated inmiime responses {e.g., 
immunoassays). ELISPOT and flow cytometry assays for testing cellular inununity were also 
well known at the time of filing. 

9- Furthermore, the state of the art in December 1999 was quite sophisticated with 
regard to determining both sequence identity and evaluating immunogenicity, I have described 
above some of the tools, programs and methods available in the field of recombinant nucleic acid 
technology in December 1999 and many other examples of homologous nucleic acid molecules 
that encode immunogenic proteins were also available. Therefore, it is my opituon that, 
following the guidance of the specification, a scientist could have readily made and used 
polynucleotide sequences that exhibit at least 90% sequence identity to SEQ ID NO: 1-4 and 
which encode an immunogenic HIV Gag polypeptide. 
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10. Preparing polynucleotides encoding immunogenic Gag polypeptides in December 
1999 was a predictable art. There is no doubt that a skilled worker would have been able to 
make and use sequences exhibiting 90% identity to SEQ ID NO: 1-4 and encoding an 
immimogenic polypeptide. Even if a rare construct were inoperable for some reason (e.g., it 
wasn't immunogenic), the skilled worker would have readily modified the construct according to 
the alternatives available at the time and described in the specification. In other words, to the 
skilled worker, an inoperable construct would itself be a useful starting material for other 
operable constructs. Essentially all molecules that M within the claims would be useful for 
making or using defining technical features of the claims, Le,, nucleotide sequences having 90% 
sequence identity to SEQ ID NO: 1-4 and v^ch encoded an inununogenic HTV Gag polypeptide. 

1 1 . Similarly, the specification as filed clearly provides ample guidance on how to 
make and use Gag polypeptides to generate a Gag-specific immune response (humoral and/or 
cellular) in a subject by administering the claimed sequences (or polynucleotides encoded by 
those sequences). (See. Examples 4 and 7). Indeed, in December 1999, it was predictable and 
routine to evaluate whether an immune response was generated against a polypeptide antigen 
encoded by an administered polynucleotide, for example using the techniques and tools 
described above in paragraph 8. Furthermore, the skilled worker would know that generating an 
iramime response does not necessarily mean that the subject will be immunized - i.e., protected 
against HIV infection or derive some therapeutic benefit. The skilled worker would also have 
known that immune responses are useful for numerous scientific purposes, such as laboratory 
assays, preparing reagents for virologic and immunologic studies, quantifying and analyzing 
immune responses, and preparation of diagnostic kits. Therefore, a skilled worker would have 
known that the claimed sequences could be used for additional scientific purposes other than 
seeking protective immunity or a therapeutic benefit, In view of the guidance in the 
specification, the predictability and state of the art, and high level of the skilled worker, it is plain 
that it would have been routine to administer a polynucleotide and evaluate whether or not an 
immune response to the encoded polypeptide was generated in the subject. 
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12. Experiments conducted after filing of the application also demonstrate that 
expression cassettes that include modified HIV Gag-encoding sequences induce potent Gag- 
specific immune responses. These experiments are summarized in zur Megede et al. (2003) J. 
Virol 77(1 1):6197-6207, attached hereto as Exhibit B. As shown in Exhibit B, we generated 
modified Gag-encoding sequences fi-om subtype B isolates of HIV using the protocols described 
in the specification. (See, Example 1). Also using techniques set forth in the specification, we 
insened these modified Gag-encoding sequences into an expression cassette such that they are 
operably linked to a promoter. These expression cassettes were administered to living animals 
and immunogenicity evaluated, using the protocols set forth in the specification. Our results 
establish that **all of the sequence-modified pol and gagpol plasmids expressed high levels of 
Gag-specific antigens in a Rev-independent fashion and we were able to induce potent Gag- 
specific T- and B-cell responses../' (Abstract of Exhibit B). In light of these results, I conclude 
that modified HIV Gag-encoding sequences can be inserted into expression cassettes such that 
they are operably linked to a promoter and that these expression cassettes elicit Gag-specific 
immune responses. I also conclude that a variety of sequences exhibiting 90% homology to each 
other are similarly effective. Furthermore, because Gag-encoding sequences can be obtained 
fi-om any HIV isolate and modified as described in the specification, the results we presented in 
Exhibit B with regard to subtype B sequences are equally applicable to modified polynucleotides 
obtained from subtype C isolates;^ as claimed. 

13. It would have also been routine to express the claimed Gag-encoding 

polynucleotides in stem cells or lymphoid progenitor cells. The guidance in the specification in 

this regard is extensive. In addition, the level of skill in this field was very high at the time of 

filing, the state of the art sophisticated and the experimentation needed to get expression in 

lymphokine cells (such as stem cells and lymphoid progenitor cells) was routine using standard 

vectors (e.g., widely available plasmids that include promoters and other control elements). 

Even a reference cited in the Office Action makes it clear that heterologous HIV polypeptide- 

encoding sequences can readily be introduced into and expressed in stem cells; 

Other areas where gene transfer into hematopoietic cells is being investigated 
include human immunodeficiency vims (HIV) infection the importance of 
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these studies cannot be over emphasized as they provide 'proof-in-principle' that 
gene-marked cells can survive and be expressed for extended periods of time once 
re-introduced into the host, (Prince, Pathology 30:335-347 at page 340, left 
column, emphasis added). 

Therefore, the specification teaches a skilled worker how to express the claimed Gag- 
encoding sequences in stem cells or progenitors of lymphoid cells, 

14. Furthermore. I believe that, following the teachings of the specification and 
guidance of the art, a skilled worker could have readily administered the claimed nucleic acids 
by a variety of modes including intramuscular, intradermal, mucosal and the like. The quantity 
of experimentation required to use alternatives to intramuscular delivery routes was quite low in 
December 1999. A skilled worker could have easily administered polynucleotides by a variety 
of routine methods known at the time of filing. For example, administration of polynucleotides 
encoding HIV antigens via intradermal and mucosal modes is described in Shiver et al. 1997 
Vaccwe 15:884-887 (Exhibit C) and Durrani el al. 1998 J. ImmunoL Methods 220:93-103 
(Exhibit D). These references are clearly representative of the high level of skill in the art and 
the fact that non-mtramuscular modes of administration were considered predictable in 
December 1999 — many of the examples gene delivery modes were also known. Furthermore, at 
the time of filing, it was known in the art that administration of polynucleotide vaccines by 
diverse routes such as intradermal, transdermal, intranasal, oral and the like did not require 
special modifications to the coding sequence of the polynucleotide plasmid construct itself The 
specification provides significant direction in these regards as well, for example on page 61 of 
the specification. Therefore, a skilled worker would have found the claimed expression cassette 
and sequences at least 90% identical to it to be useful for generating an immune response using 
diverse routes and methods. Thus, to the skilled worker, administering the claimed 
polynucleotides by any number of delivery routes would have been routine and required only 
minor experimentation, 

15. It is also my opinion that the specification as filed clearly conveyed to a typical 
scientist that the inventors had in their possession the invention set forth in the claims (see 
paragraph 4 above). By "in their possession," I mean that the inventors contemplated the 
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polynucleotides, cells and methods as set forth in the claims and that they had, u$ing the 
specification and infonnation available to a typical scientist, a practical way of making such 
molecules and practicing such methods. Thus, I believe that a typical scientist would have 
understood the specification clearly described all of the various aspects of the claims. I base this 
belief on the facts set forth herein. 

16. First, the specification unambiguously and clearly describes at the time of filing, 
the stmcture of the claimed biomolecules. The claims indicate that the polynucleotide must 
exhibit 90% homology to a inference sequence and it was widely known how to determine 
sequence identity to any length polynucleotides. Such methods are described in detail in the 
specification, for example, on pages 19-21 of the specificatioa (see, also, paragraph 7 above). 
Therefore, it is my opinion that the specification describes any sequence exhibiting 90% 
sequence identity to SEQ ID N0s:l-4. 

17. Second, at the time the specification was filed, it would have been clear to a 
typical scientist that the inventors' specification fully described and contemplated the function of 
the claimed biomolecules, namely that the claimed polynucleotides encoded Gag pqlj^ptides 
that elicit a G^yg-specific immune response. Methods of testing Gag polypeptides for their abihty 
to elicit Ga^-specific immxme responses were well known at the time of fiUng and are 
demonstrated, for example, in Exhibit B. In sum, based on the disclosure of the specification and 
the level of knowledge of a typical scientist regarding sequence identity, and testing for 
immunogenicity, I believe that the specification as filed clearly conveys that the applicants had 
invented the expression cassettes as set forth in the claims, 

1 8. Third, the specification unambiguously and clearly describes at the time of filing, 
the correlation between structure of the claimed biomolecules and their immunogenic fimction. 
The amino acid sequences of many Gag antigens were known at the time of filing and, in 
addition, methods of determining others were clearly available as of the date the application was 
filed. See, e.g., page 12, lines 19-27 of the specification; Exhibit E (Parker et al. (1994) J, 
Immunol 152:163-175; Exhibit F (Johnson et al. (1991) J. //n/wz/w/. 147:1512-1521), In 
particular, Exhibit E evidences that it was routine to those of working in the field to predict T 



Page 7 of 8 



2004 12:29prn From-CHIRON CORP, RfiD BLOG 4 



510-923-2588 



W39 P. 009/010 F-143 



Atty DktPP0163L002 
USSN: 09/475,704 

cell epitopes from amino acid sequence and Exhibit F demonstrates identification of Gag T cell 
epitopes prior to December of 1999. Furthermore, those of us working in this field knew, at the 
time of filing, that any given antigen can tolerate a mmiber of amino acid substitutions while still 
retaining its immunogenic function. In other words, a particular amino acid sequence is not 
required in order to elicit a Gag^-specific immune response. Rather, one would expect that a 
multitude of Gag polypeptides, having different amino acid sequences, would function to 
generate specific an immune response in a subject* Thus, it would have been clear to the skilled 
worker that the specification describes the correlation between the structure and function set 
forth in the claims. 

19. In view of the foregoing facts regarding the routine nature of experimentation 
required to make and use the claimed constructs, the extensive direction provided by the 
specification, the straightforward nature of the invention, the presence of working examples, the 
high level of the skilled worker, the sophistication of the art, and the predictability (e^g, of 
determining sequences identity and immunogenicity) of the art, it is my unequivocal opinion that 
the specification enabled, in December 1999, a skilled worker to make and xise the subject matter 
of the claims. Similarly, in view of the detailed description in the specification and state of the 
field at the time of filing, it is my opinion that the specification more than adequately conveys 
that the inventors had possession of the claimed polynucleotides, expression cassettes, vectors, 
cells and methods of generating immune responses at the time of filing in December 1999. 

20. I further declare that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true; and that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. // / 




Ulmer, Ph.D. 



Page 8 of 8 




CURRICULUM VITAE 



1/6/04 

PERSONAL 

Jeffrey B. Ulmer 

Department of Vaccines Research, Chiron Corporation, 

4560 Horton Street, mail stop 4.355, Emeryville, CA 94608 

Tel: (510) 923-5140, Fax: (510) 923-2586, e-mail: jefifrey_ulmer@chiron.com 

EDUCATION 

School Date Major/Minor Degree 

McGill University 1985 Biochemistry Ph.D. 

Luther College, Univ. of Regina 1978 Chemistry/Biochemistry B.Sc. (Honours) 



ACADEMIC AND PROFESSIONAL HONORS 


1983 


Hugh Edmund Burke Medical Research Award 


1981 


Multiple Sclerosis Society of Canada Postgraduate Scholarship 


1980 


Natural Sciences and Engineering Research Council of Canada 




Postgraduate Scholarship 


1978 


Graduated with Distinction 


1978 


Society of Chemical Industry Merit Award 


PROFESSIONAL RESEARCH EXPERIENCE 


2003 


Head, Immunology and Cell Biology, Chiron Corporation. 


2000 


Senior Director, Vaccines Research, Chiron Corporation. 


1998 


Director, Vaccines Research, Chiron Corporation. 


1996 


Senior Research Fellow, Department of Virus and Cell Biology, 




Merck Research Laboratories. 


1993 


Research Fellow, Department of Virus and Cell Biology, 




Merck Research Laboratories. 


1990 


Senior Research Biochemist, Department of Cancer Research, 




Merck Research Laboratories. 


1988 


Associate Research Scientist, Department of Cell Biology, 




Yale University School of Medicine. 



CURRICULUM VITAE 



Jeffrey B. Ulmer 



PUBLICATIONS 

1. Ulmer, J.B. 1978. "The biosynthesis of chelidonic acid". Honours Thesis, Department of 
Chemistry, University of Regina, Regina, Canada. 

2. Ulmen J.B. and Braun, P.E. 1984. "/« vivo phosphorylation of myelin basic proteins in 
developing mouse brain: Evidence that phosphorylation is an early event in myelin 
formation". Dev. Neurosci. 6, 345-355. 

3. Ulmer, J.B. 1985. "The phosphorylation of myelin basic proteins and its relevance to myelin 
biogenesis". Ph.D. Thesis, Department of Biochemistry, McGill University, Montreal, 
Canada. 

4. Ulmen J.B. and Braun, P.E. 1986. "/« vivo phosphorylation of myelin basic proteins: Age- 
related differences in ^^p incorporation". Dev. Biol. 117, 493-501. 

5. Ulmer, J.B. and Braun. P.E. 1986. "/« v/vo phosphorylation of myelin basic proteins: Single 
and double isotope incorporation in developmentally-related myelin fractions". Dev. Biol. 
117,502-510. 

6. Ulmen J.B. , Edwards, A.M., McMorris, F.A. and Braun, P.E. 1987. "Cyclic AMP decreases 
the phosphorylation state of myelin basic proteins in rat brain cell cultures". J. Biol. Chem. 
262, 1748-1755. 

7. Ulmer, J.B. and Braun, P.E. 1987. "Chloroform markedly stimulates the phosphorylation of 
myelin basic proteins". Biochem. Biophys. Res. Commun. 146, 1084-1088. 

8. Ulmer, J.B. 1988. "The phosphorylation of myelin proteins". Progress in Neurobiology 31, 
241-259. 

9. Edwards, A.M., Ross. N.W.. Ulmer, J.B. and Braun. P.E. 1989. "Interaction of myelin basic 
protein and proteolipid protein". J. Neurosci. Res. 22, 97-102. 

10. Ulmer, J.B. and Palade, G.E. 1989. "Anomalies in the translocation and processing of 
glycophorin precursors in murine erythroleukemia cells". J. Biol. Chem. 264, 1084-1091. 

1 1 . Ulmer, J.B. , Dolci, E.D. and Palade, G.E. 1989. "Glycophorin expression in murine 
erythroleukaemia cells". J. Cell Sci. 92, 163-171. 

12. Ulmer, J.B. and Palade, G.E, 1989. "Targeting and processing of glycophorins in murine 
erythroleukemia cells: Use of brefeldin A as a perturbant of intracellular traffic". Proc. Natl. 
Acad. Sci. USA 86, 6992-6996. 

13. Schnitzer, J.E., Ulmer, J.B. and Palade, G.E. 1990. "A major endothelial sialoglycoprotein, 
gp60, is immunologically related to glycophorin". Proc. Natl. Acad. Sci. USA 87, 6843- 



CURRICULUM VITAE 



Jeffrey B. Ulmer 



3 



18. Ulmen J.B. , Donnelly, J. J., Parker, S.E., Rhodes, G.H., Feigner, P.L., Dwarki, V.J., 
Gromkowski, S.H., Deck, R.R., DeWitt, CM., Friedman, A,, Hawe, L.A., Leander, K.R., 
Martinez, D., Perry, H.C., Shiver, J.W., Montgomery, D.L., and Liu, M.A. 1993. 
"Heterologous protection against influenza by injection of DNA encoding a viral protein". 
Science 259, 1745-1749. 

19. Donnelly, J. J., Ulmer, J.B.. Hawe, L.A., Friedman, A., Shi, X.-P., Leander, K.R., Shiver, 
J.W., Oliff, A.I., Martinez, D., Montgomery, D.L., and Liu, M.A. 1993. "Targeted delivery 
of peptide epitopes to MHC class I by a modified Pseudomonas exotoxin". Proc. Natl. 
Acad. Sci. USA 90, 3530-3534. 

20. Liu, M.A., Ulmen J.B. , Friedman, A., Martinez, D., DeWitt, CM., Leander, K.R., Shi, X.-P., 
Parker, S., Feigner, P., Feigner, J., Montgomery, D.L., and Donnelly, J.J.. 1993. 
"Immunization with DNA encoding a conserved internal viral protein results in protection 
from morbidity and mortaUty due to challenge with influenza A in mice". Li, Vaccines 93, 
ed.. Brown, F., Chanock, R.M., Ginsberg, M.S., Lemer, R.A., Cold Spring Harbor Laboratory 
Press, Cold Spring Harbor, NY. pp. 343-346. 

21. Deck, R.R., Donnelly, J.D., Hawe, L.A., Friedman, A., Ulmen J.B. . and Liu, M.A. 1993. 
"Class 2 outer membrane protein from Neisseria meningiditis induces immunoglobulin 
secretion by murine B lymphocytes", hi. Vaccines 93, ed.. Brown, F., Chanock, R.M., 
Ginsberg, M.S., Lemer, R.A., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, 
NY. pp. 359-363. 

22. UlmeL_LB^ Doimelly, J.J., and Liu, M.A. 1993. "Polynucleotide vaccines". Curr. Opin. 
Invest. Drugs 2, 983-989. 

23. UlmeiJ^B^ Donnelly, J.J., and Liu, M.A. 1993. "hnmunization with naked DNA: a sexy 
technique", reply. Gastroenterol. 105, 1252-1253. 

24. Ulmen LB. . Dormelly, J. J., and Liu, M.A. 1993. "Naked DNA and vaccine design", reply. 
Trends Microbiol. 1, 324-325, 

25. Montgomery, D.L., Shiver, J.W., Leander, K.R., Perry, H.C., Friedman, A., Martinez, D., 
Ulmer, J.B. , Donnelly, J. J., and Liu, M.A. 1993. "Heterologous and homologous protection 
against influenza A by DNA vaccination: Optimization of vectors". DNA Cell Biol. 12, 
777-783. 

26. Ulmen J.B. , Donnellv, J.J.. and Liu. M.A. 1994. "Presentation of an exogenous antigen by 
major histocompatibility class I molecules". Eur, J. Immunol. 24, 1590-1596. 

27. Ulmer, J.B. , Deck, R.R., DeWitt, CM., Friedman, A., Donnelly, J. J., and Liu, M.A. 1994. 



CURRICULUM VITAE 



Jeffrey B. Ulmer 



4 



influenza". In, Vaccines 94, ed.. Brown, F., Chanock, R.M., Ginsberg, M.S., Lemer, R.A., 
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY. pp. 55-59. 

31. Ulmen J.B. , Donnelly, J. J., and Liu, M.A. 1994. "Vaccination with polynucleotides: A novel 
means of generating immunity". In, Modern Vaccinology, ed. Kurstak, E., Plenum Medical 
Book Co., New York, NY. pp. 13-23. 

32. Montgomery, D.L., Donnelly, J.J.. Shiver, J.W.. Liu. M.A.. and Ulmen J.B. 1994. "Protein 
expression in vivo by injection of polynucleotides". Curr. Opin. Biotechnol. 5, 505-510. 

33. Donnelly, J.J., Ulmer, J.B. and Liu, M.A. 1994. "Immunization with DN A". J. Immunol. 
Meth. 176, 145-152. 

34. Donnelly, J.J., Friedman, A., Martinez, D., Montgomery, D.L., Shiver, J.W., Motzel. S., 
Ulmer, J.B. , Liu, M.A. 1995. "Preclinical efficacy of a prototype DNA vaccine: enhanced 
protection against antigenic drift in influenza virus". Nature Med. 1, 583-587. 

35. Deck, R.R., DeWitt, CM., Donnelly, J.J., Liu, M.A., and Ulmer, J.B. 1995. "Humoral 
immune responses to influenza hemagglutinin by DNA vaccination". In, Vaccines 95, eds.. 
Brown, F., Chanock, R.M., Ginsberg, M.S., Lemer, R.A., Cold Spring Harbor Laboratory 
Press (Cold Spring Harbor, NY), pp. 91-94. 

36. Donnelly, J.J., Ulmer, J.B. , and Liu, M.A. 1995. "Recombinant vaccines: Technology and 
applications". Exp. Opin. Ther. Patents 5, 211-217. 

37. Dormelly, J. J., Uhner, J.B. , and Liu, M.A. 1995. "Protective efficacy of intramuscular 
immunization with naked DNA". Ann. NY Acad. Sci. 772, 40-46. 

38. Ulmer, J.B. , Donnelly, J.D., Deck, R.R., DeWitt, CM., and Liu, M.A. 1995. "Immunization 
with naked DNA." Ann. NY Acad. Sci. 772, 1 17-125. 

39. Ulmer, J.B ., Deck, R.R., Yawman, A.M., Friedman, A., DeWitt, CM., Martinez, D., 
Donnelly, J.D., and Liu, M.A. 1996. "DNA vaccines for bacteria and viruses". Adv. Exp. 
Med. Biol. 397, 49-53. 

40. Ulmer, J.B. , Montgomery, D.L., Donnelly, J.J.. and Liu, M.A. 1996. "DNA vaccines". In, 
Methods Molecular Medicine: Vaccine Protocols, eds., Robinson. A, Farrar, G.H., Wiblin, 
CN., Humana Press (Totowa, NJ), pp. 289-300. 

41 . Ulmer, J.B. , Donnelly, J.J., Shiver, J.W., and Liu, M.A. 1996. "Prospects for the induction 
of mucosal immunity by DNA vaccines". In, Mucosal Vaccines, eds., Kiyono, H., Ogra, P., 
McGhee, J., Academic Press, Inc., San Diego, CA pp. 1 19-127. 

42. Shiver, J.W., Ulmer, J.B. , Donnelly, J.J., and Liu, M.A. 1996. "Naked DNA vaccination". 
In, Concepts in Vaccine Design, ed, Kaufinann, S., Walter DeGruyter & Co., Berlin, pp. 



CURRICULUM VITAE 



Jeffrey B. Ulmer 



5 



46. Huygen, K., Content, J., Denis, O., Montgomery, D.L., Yawman, A.M., R.R. Deck, DeWitt, 
CM., Orme, I.M., Baldwin, D'Souza, C, S., Drowart, A., Lozes, E., Vandenbussche, P., 
Mooren, J.-P., Liu, M.A., and Ulmer J.B. 1996. "Immunogenicity and protective efficacy of 
a tuberculosis DNA vaccine". Nature Med. 2, 893-898. 

47. Ulmer. J.B. . Deck. R.R.. DeWitt. CM.. Donnelly. J.J.. and Liu. M.A. 1996. "Generation of 
MHC class I-restricted cytotoxic T lymphocytes by expression of a viral protein in muscle 
cells: Antigen presentation by non-muscle cells Immunol. 89, 59-67. 

48. Ulmer. J.B.. Donnelly. J.J.. and Liu. M.A. "DNA vaccines". 1996. ASM News 62, 476-479. 

49. Shiver. J.W.. Ulmer. J.B.. Donnelly. J.J.. and Liu. M.A. 1996. "Humoral and cellular 
immunities elicited by DNA vaccines: Application to the human immunodeficiency virus 
and influenza". Adv. Drug Del. Rev. 21, 19-31. 

50. Ulmer. J.B. and Liu. M.A. 1996. "Prospects for the development of a tuberculosis DNA 
vaccine". The Jordan Report pp. 59-62. 

51. Ulmer. J.B.. Sadoff. J.C. and Liu. M.A. 1996. "DNA vaccines". Curr. Opin. Immunol. iS, 
531-536. 

52. Ulmer. J.B.. Donnelly. J.J.. and Liu. M.A. 1996. "Toward the development of DNA 
vaccines". Curr. Opin. Biotechnol. 7, 653-658. 

53. Donnelly, J.J., Fu, T.-M., Friedman, A., Caulfield, M.J., Ulmer. J.B.. and Liu, M.A. 1996. 
"Further investigations on the potential utility of DNA vaccines for influenza". In Options 
for the Control of Influenza III, eds. L.F. Brown, A.W. Hampson and R.G. Webster, 
Elsevier Science B.V., pp. 777-781. 

54. Donnelly, J.J., Uhner. J.B.. and Liu, M.A. 1997. "DNA vaccines". Life Sci. 60, 163-172. 

55. Deck, R.R., DeWitt, CM., Donnelly, J.J., Liu, M.A., and Uhner. J.B. 1997. "Characterization 
of humoral immune responses induced by an influenza hemagglutinin DNA vaccine". 
Vaccine 15, 71-78. 

56. Ulmer, J.B., Donnelly, J.D., and Liu, M.A. 1997. "DNA vaccines: A new category", hi, 
Veterinary Vaccinology, eds. Pastoret, P.-P., Blancou, J., Vannier, P., Verschueren, C, 
Elsevier (New York, NY), pp. 285-291. 

57. Donnelly. J.J.. Ulmer. J.B.. Shiver. J.W.. and Liu. M.A. 1997. "DNA vaccines". Ann. Rev. 
Immunol. 15,617-648. 

58. Fu. T.-M.. Friedman. A.. Ulmer. J.B.. Liu. M.A.. and Donnelly. J.J. 1997. "Protective 
cellular immimity: CTL responses against dominant and recessive epitopes of influenza virus 
nucleoprotein induced by DNA vaccination". J. Virol. 71, 2715-2721. 



CURRICULUM VITAE 



Jeffrey B. Ulmer 



6 



62. Ulmer. J.B.. Deck, R.R., DeWitt, CM., Fu, T.-M., Donnelly, J.J., Caulfield, M.J., and Liu, 
M.A. 1997. "Expression of a viral protein in muscle cells in vivo induces protective cell- 
mediated immunity". Vaccine 15, 839-841. 

63. Ulmer. J.B.. Liu, M.A., Montgomery, D.L., Yawman, A.M., Deck, R.R., DeWitt, CM., 
Content, J., and Huygen, K. 1997. "Expression and immunogenicity of M. tuberculosis 
antigen 85 by DNA vaccination". Vaccine 15, 792-794. 

64. Ulmer. J.B.. Deck, R.R., DeWitt, CM., Donnelly, J.J., Friedman, A., Montgomery, D.L., 
Yawman, A.M., Orme, LM., O. Denis, Content, J., Huygen, K., and Liu, M.A. 1997. 
"Induction of immunity by DNA vaccination: Application to influenza and tuberculosis". 
Behr. Inst. Mitt. 98, 79-86. 

65. Donnelly, J.J., Friedman. A.. Ulmer, J.B.. and Liu. M.A. 1997. "Further protection against 
antigenic drift of influenza virus in a ferret model with a DNA vaccine". Vaccine 15, 865- 
868. 

66. Montgomery, D.L., Huygen, K., Yawman, A.M., Deck, R.R., DeWitt, CM., Content, J., Liu, 
M.A., and Ulmer. J.B. 1997. Induction of humoral and cellular immune responses by 
vaccination with M tuberculosis antigen 85 DNA". Cell Mol. Biol. 43, 285-292. 

67. Montgomery. D.L.. Ulmer. J.B.. Donnellv. J.J.. and Liu. M.A. 1997. "DNA vaccines". 
Pharmacol. Ther. 74, 195-205. 

68. Uhner. J.B. 1997. Book reviews on "Targeting of Drugs, 5. Strategies for Oligonucleotide 
and Gene Delivery in Therapy" and "Artificial Self- Assembling Systems for Gene Delivery". 
Pharm. Res. 14, 953. 

69. Fu, T.-M., Ulmer. J.B.. Caulfield, M.J., Deck, R.R., Friedman, A., Wang, S., Liu, X, 
Donnelly, J. J., and Liu, M.A. 1997. "Priming of cytotoxic T lymphocytes by DNA vaccines: 
Requirement for professional antigen presenting cells and evidence for antigen transfer from 
myocytes". Mol. Med. 3, 362-371. 

70. Ulmer. J.B. 1997. Research News on "Elegantly presented DNA vaccines". Nature 
Biotechnol. 15,842-843. 

71. Donnelly. J.J.. Ulmer. J.B.. and Liu. M.A. 1997. "Vaccination against Influenza with 
Plasmid DNA: cross-strain and homologous protection". In, New Generation Vaccines eds., 
Levine, Myron M., Woodrow, Graeme C, Kaper, James B. and Cobon, Gary S., Marcel 
Dekker, hic. (New York, NY), pp. 287-295 . 

72. Uhner. J.B. . Donnelly, J. J., Montgomery, D.L., and Liu, M.A. 1998. "Art and science of 
DNA vaccines". Meth. Microbiol. 25, 459-469. 



CURRICULUM VITAE 



Jeffrey B. Ulmer 



7 



International Association of Biological Standardization, Paris, France, May 27-28, 1997, eds. 
Plotkin, S.A., Brown, F., Horaud, F., Karger (Basel), pp. 43-53. 

76. Baldwin, S.L., D'Souza, C, Roberts, A.D., Kelly, B.P., Frank, A.A., Huygen, K., Liu, M.A., 
Ulmen J.B. , McMurray, D.M., Or me, LM. 1998. "Evaluation of new vaccines in mouse and 
guinea pig models of tuberculosis". Infect Immunity 66, 2951-2959. 

77. Ulmen J.B. , T.-M. Fu, R.R. Deck, A. Friedman, L. Guan, CM. DeWitt, X. Liu, S. Wang, M. 
A. Liu, J. J. Donnelly, and M. J. Caulfield. 1998. "Protective CD4+ and CD8+ T cells 
against influenza induced by vaccination with nucleoprotein DNA". J. ViroL 72, 5648-5653. 

78. Bender, B.S., J.B. Ulmen CM. DeWitt, R. Cottey, S.F. Taylor, M.A. Liu, and J.J. Donnelly. 
1998. "Immunogenicity and efficacy of DNA vaccines encoding influenza A proteins in aged 
mice". Vaccine 16, 1748-1755. 

79. Fu, T.-M., L. Guan, A. Friedman, J.B. Ulmen M.A. Liu, and J.J. Donnelly. 1998. "Induction 
of MHC class I-restricted CTL response by DNA immunization with ubiquitin-influenza 
virus nucleoprotein fusion antigens". Vaccine 16, 1711-1717. 

80. Selbv, M., CM. Walker, and J.B. Ulmer. 1998. "Mechanisms of action of DNA vaccines". 
Exp. Opin. Invest Drugs 7,1987-1995, 

81. Donnelly, J. J., Ulmer, J.B. , and Liu, M.A. 1998. DNA vaccines. In Bacterial Protein Toxins 
(Eighth European Workshop, Staffelstein, Kloster Banz, Germany, June 29 to July 4, 1997), 
Intemational Journal of Medical Microbiology, Virology, Parasitology and Infectious 
Diseases, Supplement 29, eds. Hacker, J., Alouf, J.E., Brand, B.C., Fahnagne, P., 
Fehrenback, F.J., Freer, J.H., Goebel, W., Gross, R., Heesemaim, J., Locht, C, Montecucco, 
C, Olsnes, S., Rappuoli, R., Reidl, J., Wadstrom, T., Gustav Fischer (Jena, Germany), pp. 
428-436. 

82. Liu M.A., Fu T.-M., Donnelly J. J., Caulfield M.J., and Ulmer J.B. 1998. DNA vaccines: 
Mechanisms for generation of immune responses. Adv. Expt Med. BioL 452, 187-191. 

83. Baldwin, S.L., D'Souza, CD., Orme, I.M., Liu, M.A., Huygen, K., Denis, O., Tang, A., Zhu, 
L., Montgomery, D.L., and Ulmen J.B. 1999. "Immunogenicity and protective efficacy of 
DNA vaccines encoding secreted and non-secreted forms of M. tuberculosis Ag85A". 
Tubercle Lung Dis. 79, 251-259. 

84. Fu, T.-M., L. Guan, A. Friedman, J.B. Ulmer . M.A. Liu, and J.J. Donnelly. 1999. "Dose- 
dependence of CTL precursor frequency induced by a DNA vaccine and correlation with 
protective immunity against influenza virus challenge". J. ImmunoL 162, 4163-4170. 

85. Ulmer, J.B., and M.A. Liu. 1999. "Delivery systems and adjuvants for DNA vaccines. In, 



CURRICULUM VITAE 



Jeffrey B, Ulmer 



90. Donnelly J. J., and Ulmen J.B . 1999. "DNA vaccines for viral diseases." Brazilian J. Med. 
Biol. Res. 32, 15-222. 

91 . Wang, S., X. Liu, K. Fisher, J.G. Smith, T.W. Tobery, J.B. Ulmer . R.K. Evans and M.J. 
Caulfield. 2000. "Enhanced type I immune response to a hepatitis B DNA vaccine by 
formulation with calcium or aluminum phosphate". Vaccine 18, 1227-1235. 

92. Lee, A.Y., Otten, G.R., Ulmen J.B., Houghton, M, and Paliard, X. 2000. "Quantification of 
the number of cytotoxic T cells for an immunodominant HCV-specific CTL epitope primed 
by DNA vaccination". Vaccine 18, 1962-1968. 

93. Widera, G., Austin, M., Rabussay D., Goldbeck, C, Bamett, S., Chen, M., Leung, L., Otten, 
G.R., Thudium, K., Selby, M.J., and Ulmer, J.B. 2000. "hicreased DNA vaccine dehvery 
and immunogenicity by electroporatiori in vivo." J. Immunol. 164, 4635-4640. 

94. Ulmer, J.B. and Liu, M.A. 2000. "Gene-based vaccines". MoL Therapy 1, 396-399. 

95. Lee, A.Y., Manning, W.C., Arian, C.L., Polakos N.K., Barajas J.L., Ulmen J.B., Houghton, 
M., and Paliard, X. 2000. "Priming of hepatitis C virus-specific cytotoxic T lymphocytes in 
mice foUov^ing portal vein injection of a liver-specific plasmid DNA". Hepatol. 31, 1327- 
1333. 

96. Selby, M., Goldbeck, C, Pertile, T., Walsh, R., and Ulmen J.B. 2000. Enhancement of 
DNA vaccine potency by electroporation". J. Biotechnol. 83, 147-152. 

97. Ulmer, J.B. and Otten, G.R. 2000. "Priming of CTL responses by DNA vaccines: Direct 
transfection of antigen presenting cells versus cross-priming." Developments in Biologicals 
104, 9-14. 

98. Dupuis, M., Denis-Mize, K., Woo, C, Goldbeck, C, Selby, M.J., Ulmen J.B., Donnelly, J. J., 
Ott, G., and MacDonald, D.M. 2000. "Distribution of DNA vaccines determines their 
immunogenicity after intramuscular injection in mice". J. Immunol. 165, 2850-2858. 

99. Dubensky, T.W., Liu, M.A., and Ulmer, J.B. 2000. "Delivery systems for gene-based 
vaccines." Mol. Medicine 6, 723-732. 

100. Denis-Mize, K.S., Dupuis, M., MacKichan, M.L., Singh, M., O'Hagan, D., Ulmer, J.B., 
Donnelly, J., MacDonald, D., and Ott, G. 2000. "Plasmid DNA adsorbed onto PLG-CTAB 
microparticles mediates target gene expression and antigen presentation by dendritic cells". 
Gene Therapy 7, 2105-21 12. 

101. Donnelly, J.J., Liu, M.A., and Ulmer, J.B. 2000. "Antigen presentation and DNA vaccines." 
Am. J. Resp. Crit. Care Med. 162, S190-S193. 

102. Otten, G.R., Doe, B., Schaefer, M., Chen, M., Selby, M.J., Goldbeck, C, Hong, M., Xu, F., 



CURRICULUM VITAE 



Jeffrey B. Ulmer 



9 



106. O'Hagan, D., Singh, M., Ugozzoli, M., Wild, C, Bamett, S., Chen, M., Schaefer, M., Doe, 
B., Otten, G.R., and Ulmer, J.B . 2001. "Induction of potent immune responses by cationic 
microparticles with adsorbed HIV DNA vaccines". J. Virol. 75, 9037-9045. 

107. Ulmer, J.B. 2002. "Towards the development of better vaccine adjuvants". Exp. Opin. 
Biol. Therapy 2, 119-121. 

108. Srivastava, I., Stamatatos, L., Fong, A., Legg, H., Kan, E., Coates, S., Leung, L., Wininger, 
M., Tipton, A.R., Ulmen J.B., and Bamett, S.W. 2002. "Purification and characterization of 
oligomeric envelope glycoprotein from a primary R5 subtype B human immunodeficiency 
virus for vaccine applications". J. Virol. 76, 2835-2847. 

109. Ulmen J.B. and Liu, M.A. 2002. "Ethical issues for vaccines and immunization". Nature 
Reviews Immunology 2,291-296. 

110. Ulmen J.B . 2002. "Influenza DNA vaccines". Vaccine 20, S74-S76. 

111. Ulmen J.B. 2002. "Gene-based vaccines - Keystone Symposium: Mechanisms, delivery 
systems and efficacy. Meeting report." Investigational Drug J. 5, 514-516. 

112. Ulmen J.B. 2002. "DNA vaccines against RNA viruses". In DNA Vaccines, ed. Ertl, H.C., 
Plenum Publishers, New York, NY, pp. 1 12-126. 

113. Liu, M.A., UlmeL_LB^ and O'Hagan, D. 2002. "Vaccine technologies", Jordan Report pp. 
31-37. 

1 14. Xu, F., Hong, M. and Ulmer, J.B. 2003. "Immunogenicity of an HIV-1 gag DNA vaccine 
carried by attenuated Shigella'\ Vaccine 21, 644-648. 

115. Otten, G.R., Chen, M., Doe, B., zur Megede, J., Bamett, S. and Ulmen J.B. 2003. 
"Quantitative assessment of antigen-specific CD8+ T cells in the mouse: appUcation to 
vaccines research". Immunol. Lett. 85, 215-222. 

1 16. Pasetti, M.F., Losonsky, G., Barry E.M., Singh, M., Medina-Moreno, S.M., Polo, J., Ulmer, 
J.B., Robinson, H., Sztein, M.B., and Levine, M.M. 2003. "Attenuated Salmonella enterica 
serovar Typhi and Shigella flexneri 2A strains are effective mucosal delivery vehicles for 
DNA vaccines encoding measles virus heamagglutinin, inducing specific immune responses 
and protection in cotton rats". J. Virol. 77, 5209-5217. 

117. Luo, Y., O'Hagan, D., Niethammer, A.G., Zhou, H., Singh, M., Ulmen J.B., Reisfeld, R.A., 
and Xiang, R. 2003. "Plasmid DNA encoding human carcinoembryonic antigen (CEA) 
adsorbed onto cationic microparticles induces protective immunity against colon cancer in 
CEA-transgenic mice". Vaccine 21, 1938-1947. 

118. Otten, G.R., Schaefer, M., Greer, C., Calderon-Cacia, M., Coit, D., Kazzaz, J., Medina-Selby, 



CURRICULUM VITAE 



Jeffrey B. Ulmer 



10 



122. O'Hagan, D.T., Singh, M. and Ulmer, J.B . 2003. " Cationic microparticles and emulsions 
are effective delivery systems for immune stimulatory CpG DNA". In, Cellular Drug 
Delivery: Principles and Practice. Eds. R. Lu and S. Oie. Humana Press (Totowa, NJ). pp. 
263-274. 

123. Srivastava, I., Stamatatos, L., Kan, E., Lian, Y., Hilt, S., Martin L., Vita, C, Zhu, P., Roux, 
K.H., Voitech. L., Winingen M., Ulmer. J.B., and Bamett. S.W. 2003. "Purification, 
characterization and immunogenicity of a soluble trimeric envelope protein containing a 
partial deletion of the V2 loop derived from SF162, an R5-tropic HIV-1 isolate". J. Virol. 
77, 11244-11259. 

124. Vahante, N., O'Hagan, D.T. and Ulmen J.B. 2003. "Innate inmiunity and biodefense 
vaccines". Cell. Microbiol. 5, 755-760. 

125. Liu, M.A. and Ulmen J.B. 2003. "Plasmid DNA technologies: Vaccines, gene therapy and 
beyond". The Biochemist 25, 21-24. 

126. Srivastava. I.. Liu. M.. and Ulmen J.B. 2004. "DNA vaccines" In, New Generation 
Vaccines, 3rd edition, eds., Levine, Myron M., Kaper, James B.., Rappuoli, Rino, Liu, 
Margaret. Marcel Dekker, Inc. (New York, NY) (in press). 

127. Rappuoli, R., and Ulmen J.B. 2004. "DNA vaccination". Current Protocols in Human 
Genetics (in press). 

128. Ulmen J.B. 2004. "Modem Vaccines Adjuvants and Delivery Systems". Meeting report." 
Investigational Drug J. (in press). 

129. Bamett, S.W., Otten, G., Srivastava, L, zur Megede, J., Lian, Y., Schaefer, M., Liu, H., Deck, 
R., Montefiori, D., Lewis, M., Engelbrecht, S., Janse van Rensberg, E., Stamatatos, L., 
Widera, G., Polo, J., O'Hagan, D.. Ulmer. J.B .. and Donnellv. J. 2004. "Enhanced DNA 
prime-protein boost vaccines induce potent immune responses against HIV-1". (in press). 

130. Otten, G.R., Schaefer, M., Doe, B., Liu, H., Srivastava, I., zur Megede, J., O'Hagan, D., 
Donnelly, J.D., Widera, G., Rabussay, D., Lewis, M.G., Bamett, S.W., and Ulmen J.B. 2004. 
"Enhancement of DNA vaccine potency in rhesus macaques by electroporation". Vaccine (in 
press). 

131. MoUenkopf, H.-J., Dietrich, G., Fensterle, J., Grode, L., Diehl, K.-D., Knapp, B., Singh, M., 
O'Hagan, D.T., Ulmen J.B., and Kaufinann. S.H.E. 2004. "Enhanced protective efficacy of 
a tuberculosis DNA vaccine by adsorption onto cationic PLG microparticles". Vaccine (in 
press). 

132. Xu, F. and Ulmen J.B. 2004. "Attenuated iSa/moweZ/a and ^/z/ge/Za as carriers for DNA 



CURRICULUM VITAE 



Jeffrey B. Ulmer 



11 



ABSTRACTS 

Over 150 abstracts presented at national and international conferences. 
INVITED PRESENTATIONS (past 4 years) 

World Health Organization Meeting "Fifty Years of Influenza Surveillance" 

(Geneva, Switzerland), 2/17/99. 
32""^ Annual Higuchi Research Seminar (Lake of the Ozarks, MO), 3/15/99. 

9'*^ European Congress of Clinical Microbiology and Infectious Diseases (Berhn, Germany), 3/24/99. 

Swiss Society of Allergy and Immunology Annual Meeting (Interlaken, Switzerland), 3/25/99. 

International Working Group on the Standardization and Control of Nucleic Acid Vaccines (London, 
UK), 3/29/99. 

Keystone Conference on DNA Vaccines (Snowbird, UT), 4/14/99. 

American Thoracic Society Aimual Meeting (San Diego, CA), 4/28/99. 

3""** International Conference on Bacterial Vaccines (Munich, Germany), 5/19/99. 

Intemational Conference on Cytokines and Chemokines (Bethesda, MD), 9/8/99. 

lABS Conference on DNA Vaccines (Langen, Germany), 10/6/99. 

German Society for Virology (Regensburg, Germany), 10/15/99. 

Postech Symposium on T Cells (Kyungju, South Korea), 11/14/99. 

American Association of Pharmaceutical Sciences Annual Meeting (New Orleans, LA), 1 1/17/99. 
Federation of Infection Societies Annual Meeting (Manchester, UK), 12/1/99. 
Transatlantic Airway Conference on Antigen Presentation (Luceme, Switzerland) 1/28/00. 
2""^ Sabin Vaccine Institute Colloquium on Cancer Vaccines (Walkers Cay, Bahamas) 3/7/00. 
Intemational Working Group on the Standardization and Control of Nucleic Acid Vaccines (Geneva, 
Switzerland), 3/24/00. 

BIO 2000 Conference (Boston, MA) 3/28/00. 

Department of Pathology, University of Massachusetts (Worcester, MA) 5/4/00. 

American Society of Gene Therapy (Denver, CO) 6/3/00. 

Antibody Club, British Society of Immunology (London, UK) 6/13/00. 



CURRICULUM VITAE 



Jeffrey B. Ulmer 



2 International Congress on Neonatal Vaccinology (Siena, Italy), 1 1/5/01 . 

Strategies for Immune Therapy (Wurzburg, Germany), 1/16/02. 

nR Conference on Therapeutic Vaccines (London, UK), 1/21/02. 

Keystone conference on Gene-Based Vaccines (Breckenridge, CO), 4/1 1/02. 

Department of Microbiology, Loma Linda University (Loma Linda, CA), 4/17/02. 

6^*^ Elsinore Meeting on "Induction and Maintenance of the Immune Response to Infection" 
(Elsinore, Denmark) 5/21/02. 

Amercian Thoracic Society Annual Meeting (Atlanta, GA), 5/22/02. 

3^^* World Congress on Vaccines and Immunization (Opatija, Croatia), 6/7/02. 

DNA Vaccines 2002 (Edinburgh, Scotland), 10/23/02. 

Euroconference/Workshop on Innate and Mucosal Immunity (Siena, Italy), 1 1/9/02. 
nR Conference on Vaccines Clinical Trials (London, UK), 1/27/03. 
3'^ Cabo Gene Therapy Focus Panel (Cabo San Lucas, Mexico), 2/15/03. 
World Vaccine Congress (Montreal, Canada), 4/9/03. 

The Future of Vaccines - Cancer Meets Infectious Diseases (Semmering, Austria), 4/12/03. 
Modem Vaccine Adjuvants & Delivery Systems (DubUn, Ireland), 6/6/03. 
HIV Vaccines - Design, Potency & Delivery (Boston, MA), 6/22/03. 
BIO 2003 (Washington, DC), 6/24/03. 

Society for General Microbiology (UMIST, Manchester, UK), 9/10/03. 
Tuberculosis Vaccines for the World Conference (Montreal, Canada), 9/19/03. 
6^^ International Forum on Global Vaccinology (Minsk, Belarus), 9/25/03. 

Fondacion Valenciana de Estudios Avanzados "Genetic Intervention in Disease" (Valencia, Spain), 
11/27/03. 

EDITIORIAL BOARD 

Expert Opinion on Biological Therapy 



AD HOC REVIEWER 

Antisense and Nucleic Acid Drug Development 



CURRICULUM VITAE 



Jeffrey B. Ulmer 



Israel Science Foundation 
Journal of Clinical Investigation 
Journal of Controlled Release 
Journal of Experimental Medicine 
Journal of Gene Medicine 
Journal of General Virology 
Journal of Immunological Methods 
Journal of Immunology 
Joumal of Pharmaceutical Sciences 
Medical Research Council of Canada 
Molecular Medicine 

Natural Sciences and Engineering Research Council of Canada 
Nature 

Nature Biotechnology 

Nature Immunology 

Nature Medicine 

New York Academy of Sciences 

NIAID Joint Ventures in Biomedicine and Biotechnology Challenge Grants Program 
Novartis Foundation 

Office of Naval Research, Independent Research Program 
Pharmaceutical Research 

Proceedings of the National Academy of Sciences 
Science 

Trends in Microbiology 

USDA National Research Initiative Competitive Grants Program 
Wellcome Trust Collaborative Research Initiative Grant Proposal 
Vaccine 

Veterinary Microbiology 



Journal of Virology, June 2003, p. 6197-6207 
0022-538X/03/$08.00+0 DOI: 10.1128/JVI. 77. 11. 6 197-6207.2003 
Copyright © 2003, American Society for Microbiology. All Rights Reserved. 



Vol. 77, No. 11 



Expression and Immunogenicity of Sequence-Modified Human 
Immunodeficiency Virus Type 1 Subtype B pol and gagpol 

DNA Vaccines 

Jan zur Megede,* Gillis R. Otten, Barbara Doe, Hong Liu, Louisa Leung, 
Jeffrey B. Ulmer, John J. Donnelly, and Susan W. Barnett* 

Chiron Corporation, Emeryville, California 94608 
Received 7 October 2002/Accepted 14 March 2003 

Control of the worldwide AIDS pandemic may require not only preventive but also therapeutic immunization 
strategies. To meet this challenge, the next generation of human immunodeficiency virus type 1 (HIV-1) 
vaccines must stimulate broad and durable cellular immune responses to multiple HIV antigens. Results of 
both natural history studies and virus challenge studies with macaques indicate that responses to both Gag 
and Pol antigens are important for the control of viremia. Previously, we reported increased Rev-independent 
expression and improved immunogenicity of DNA vaccines encoding sequence-modified Gag derived from the 
HIV.lsp2 strain (J. zur Megede, M. C. Chen, B. Doe, M. Schaefer, C. E. Greer, M. Selby, G, R. Otten, and S. W. 
Barnett, J. Virol. 74: 2628-2635, 2000). Here we describe results of expression and immunogenicity studies 
conducted with novel sequence-modified HIY-Iskj GagPol and Pol vaccine antigens. These Pol antigens contain 
deletions in the integrase coding region and were mutated in the reverse transcriptase (RT) coding region to 
remove potentially deleterious enzymatic activities. The resulting Pol sequences were used alone or in combi- 
nation with sequence-modified Gag. In the latter, the natural translational frameshift between the Gag and Pol 
coding sequences was either retained or removed. Smaller, in-frame fusion gene cassettes expressing Gag plus 
RT or protease plus RT also were evaluated. Expression of Gag and Pol from GagPol fusion gene cassettes 
appeared to be reduced when the HIV protease was active. Therefore, additional constructs were evaluated in 
which mutations were introduced to attenuate or inactivate the protease activity. Nevertheless, when these 
constructs were delivered to mice as DNA vaccines, similar levels of CDS**" T-cell responses to Gag and Pol 
epitopes were observed regardless of the level of protease activity. Overall, the cellular immune responses 
against Gag induced in mice immunized with muliigenic gagpol plasmids were similar to those observed in mice 
immunized with the plasmid encoding Gag alone. Furthermore, all of the sequence-modified pol and gagpol 
plasmids expressed high levels of Pol-specific antigens in a Rev-independent fashion and were able to induce 
potent Pol-specific T- and B-cell responses in mice. These results support the inclusion of a gagpol in-frame 
fusion gene in future HTV vaccine approaches. 



The AIDS pandemic caused by human immunodeficiency 
virus type 1 (HIV-1) is believed to have cost 3.1 million lives in 
the year 2002 alone, with over 42 million people believed to be 
infected worldwide (http:/Avww.unaids.orgAvorldaidsday/2002/ 
press/Epiupdate.html). At present, 20 years after the discovery 
of HIV/AIDS, no effective HIV vaccine has been identified 
and few candidates have advanced beyond early-phase clinical 
trials (20). While effective drug therapy is available in devel- 
oped parts of the world, it is financially out of reach for most 
of the world's population of infected individuals. It is thus 
widely believed that an efficacious prophylactic vaccine is crit- 
ical for the control of the global spread of HIV/AIDS. Fur- 
thermore, therapeutic vaccine approaches in combination with 
drug therapy, which allow patients to be off drugs for extended 
periods of time, also hold great promise for those already 
infected (18, 45). 

While the primary focus for first-generation HIV vaccines 
was the induction of neutralizing antibodies using HIV enve- 
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lope (Env)-based approaches, more recently, the focus has 
extended to the induction of CDS"*" cytotoxic T-lymphocyte 
(CTL) responses against conserved internal viral antigens such 
as Gag and Pol (17). This shift was a result of studies of natural 
infections, long-term nonprogressors, and exposed uninfected 
individuals that have, in multiple studies, demonstrated an 
inverse correlation between the potency and breadth of 004"*" 
and CDS"^ T-cell responses and HIV disease progression (7, 8, 
14, 29, 31, 33, 44, 46). Moreover, vaccine approaches specifi- 
cally designed to induce strong cellular immunity recently have 
shown promising results in nonhuman primate vaccine chal- 
lenge models (2, 5, 49). In these studies, the induction of strong 
CDS"^ T-cell responses against Gag in vaccinated macaques 
appeared to result in decreased viremia, morbidity, and mor- 
tality when animals were subsequently challenged with patho- 
genic simian/human immunodeficiency viruses. Nevertheless, 
this strategy of using gene-based vaccines alone to induce 
CD8"^ T-cell responses does not appear to protect monkeys 
from infection and the challenge virus was able to eventually 
escape immune control, resulting in increased viremia and its 
sequelae (4, 24). 

Interestingly, the use of prime-boost immunization strate- 
gies, including those that use Env antigens as the protein in 



6197 



6198 ZUR MEGEDE ET AL. 



J. Virol. 



several of these CTL-based vaccines, has repeatedly been 
shown to improve the degree of protection observed (23, 36, 
37, 42, 43). Whether this is due to the priming of protective B- 
or T-cell responses has not been elucidated in these studies. In 
addition to the use of prime-boost strategies, the use of mul- 
tiple genes in the vaccine to increase the number of potential 
T-cell epitopes has also improved the outcome after a virus 
challenge over that achieved with a single- or double-gene 
vaccine (2, 30). Therefore, the overall goal of our program has 
been to achieve the greatest breadth of cellular immunity di- 
rected to multiple HIV antigens in combination with broad 
neutralizing antibody responses, an approach that may be 
more successful at blocking infection than has been previously 
observed. 

The goal of the present study was to evaluate the expression 
and immunogenicity of novel vaccine antigens based on por- 
tions of the HIV-1 Pol polyprotein administered alone or in 
combination with Gag. Pol is a conserved protein of HIV-1, 
and cross-clade CTL responses against Pol epitopes have been 
detected in both HIV-infected and exposed but uninfected 
individuals (6, 7, 47). The inclusion of the pol gene in the form 
of the gagpol precursor in earlier vaccine trials with humans 
and nonhuman primates was most likely suboptimal with re- 
gard to inefficient expression of the Pol antigen. The expres- 
sion levels of the Pol protein generally are low during natural 
infection because of the frameshift required for translation of 
pol coding sequences. This mode of Pol expression results in an 
up to 95% reduction in Pol protein compared to Gag (27, 53). 
To increase Pol expression, the frameshift between and pol 
can be removed, resulting in equimolar or nearly equimolar 
expression of Gag and Pol whereas the secretion of virus-like 
particles (VLP) is impaired (28, 40). To evaluate the potential 
antigenic competition between Gag and Pol if they are en- 
coded in one expression cassette, various expression cassettes 
were designed and tested with the antigens encoded on single 
or multigenic expression plasmids. Another consideration was 
the possible cytotoxic effect of the active viral protease and 
possible effects of the active protease on Gag and Pol antigen 
expression levels. Therefore, mutations known to attenuate or 
inactivate HIV-1 protease (32) were introduced. Additional 
safety features introduced into the pol expression cassette in- 
cluded the removal of integrase and the mutation of the re- 
verse transcriptase (RT) to remove these potentially deleteri- 
ous enzymatic activities, 

Plasmid DNA vaccines encoding these sequence-modified 
gag, pol, and gagpol genes were evaluated for expression in 
vitro after transient transfection of 293 cells and subsequently 
in dose titration immunogenicity studies performed with mice. 
Overall, the cellular immune responses against Gag induced by 
the various multigenic Gag- and Pol-expressing plasmids were 
similar to those induced by the plasmid encoding Gag alone. 
All of the sequence-modified pol and gagpol plasmids ex- 
pressed high levels of Pol-specific antigens in a Rev-indepen- 
dent fashion and were able to induce potent Pol-specific T-cell 
responses in mice. Moreover, removal of the frameshift be- 
tween gag and pol resulted in increased expression of Pol and 
increased RT-specific immune responses, as expected. Lastly, 
while the activity of protease appeared to have an inhibitory 
effect on the expression of Gag and Pol antigens in vitro, the 
immunogenicities of constructs encoding active protease did 



not appear to be reduced in mice. The CDS^ T-cell responses 
against Gag- and RT-specific epitopes, as measured by flow 
cytometric analysis of gamma interferon (IFN-7)-producing 
cells, were comparable for all constructs regardless of the level 
of protease activity. These results support the inclusion of a 
sequence-modified in-frame gagpol fusion cassette in future 
HIV vaccine approaches. 

MATERIALS AND METHODS 

Plasmid DNA cassettes. A panel of expression cassettes based on the amino 
acid sequences of HlV-lgpj subtype B Gag and Pol antigens was designed with 
sequence modifications as described previously (22, 56). All gene cassettes were 
cloned into eukaryotic expression vector pCMVKm2, which contained the cyto- 
megalovirus immediate-early enhancer-promoter and the bGH terminator (Chi- 
ron Corporation, Emeryville, Calif.) (12). To further enhance the translation 
efficiency of all expression cassettes, an optimal "Kozak" consensus sequence 
(GCCACC) for initiation of translation was inserted (34). gag-only plasmid 
pCMVKm2.GagMod.SF2 (GenBank accession no. AF201927) and gagprotease 
cassettes GPl and GP2 (pCMVKm2.GagProt,SF2; GenBank accession no. 
AF202464 and AF202465) have been described previously (56). 

The entire integrase coding sequence in pol was deleted for safety reasons, and 
the catalytic triad and primer grip regions of the RT coding sequences were 
deleted to inactivate these enzymatic activities (39, 41). The construct gagFSpol 
was based on the GP2 cassette but was extended for pol up to the RNase H 
coding sequences. For the gagpol and gag-complete-pol (gagCpol) cassettes, the 
frameshift region was removed by insertion of an extra T nucleotide at the pi 
"slippery sequence" (TTTTTTA) in order to express the gag and pol genes in 
frame. The pol region included plp6^**' coding sequences up to RNase H for 
gagpol. To include plp6*^''s and for optimal processing of Gag and Pol by the 
protease, the p2p7pJp6 fragment was added to get gagCpol (see Fig. 1). The 
constructs gagRT and gagprotlnaRT expressed fusion proteins of p55^^« and 
either p66*^^ or plOP^''^<=^=* plus p66*^^. Furthermore, gene cassettes for the 
expression of p66*^^ alone and pro tease RT and p2p7*^^8 plus plp6^°' (p2pol) 
were also included. When indicated, the protease in some constructs was either 
attenuated (Att) or inactivated (Ina) by the introduction of specific point muta- 
tions (32) with the QuikChange site-directed mutagenesis kit (Stratagene, La 
Jolla, Calif.). 

Testing for in vitro expression. Human kidney 293 cells (no. 45504; American 
Type Tissue Collection, Manassas, Va.) were plated 1 day prior to transfection at 
a density of 5 X 10^ cells per 35-mm-diameter well (Corning, Acton, Mass.) and 
transfected with endotoxin-free purified plasmid DNA (Qiagen, Valencia, Cal- 
if.). For the transfections, 2 jjig of each plasmid DNA was mixed with Mirus 
TransIT-LTl Polyamine transfection reagent (PanVera, Madison, Wis.). The 
cells were incubated with 2 ml of 10% Iscove's modified Dulbecco's medium 
(Invitrogen, Carlsbad, Calif.) per well for 48 and 72 h, and the supernatants and 
lysates were then harvested for further analysis. Quantitation of p24^^e protein 
in cell supernatants and lysates was performed with the Coulter p24 Antigen 
Capture enzyme-linked immunosorbent assay (ELISA; Coulter Corporation, 
Miami, Fla.). The Western blot assay for Gag and Pol expression analysis was 
done by using 4 to 12% Bis-Tris sodium dodecyl sulfate-polyacrylamide gels 
(Invitrogen) and then transfer onto 0.2-|xm-pore-size nitrocellulose (Invitrogen), 
Prestained full-range rainbow marker (Amersham, Piscataway, N.J.) and recom- 
binant HIV-1 p24G-8 p55°«8 (Chiron), and p66^'^ (Protein Sciences, Meriden, 
Conn.) proteins were used as the size standard and positive controls, respectively. 
For detection of Gag proteins by immunostaining, membranes were incubated 
with HIV-1 -positive human serum at a dilution of 1:400. For Pol proteins, an 
anti-pee*^*^ monoclonal antibody (MAb; 1:200; Fitzgerald, Concord, Mass.) and 
pooled mouse serum (1:400) against p66^'^ (Chiron) were used. Secondary 
antibodies (1:20,000) were anti-human or anti-mouse immunoglobulin G (IgG) 
conjugated to horseradish peroxidase (Pierce, Rockford, 111.). Detection was 
performed by using the enhanced chemiluminescence substrate (Amersham). 
The predicted molecular weights of the various expression cassettes tested were 
calculated from the predicted amino acid sequences by using MacVector soft- 
ware (Oxford Molecular Ltd.). 

immunization of mice. To evaluate the relative potencies of the immune 
responses induced by the different constructs, female CB6F1 or C3H/HeN mice, 
6 to 8 weeks old, were immunized bilaterally in the tibialis anterior muscles with 
100-M,1 volumes of endotoxin-free plasmid DNA in isotonic saline (50 ^,1 per site). 
The DNA concentrations of the test plasmids were adjusted to provide equal 
molar quantities of Gag or Pol at a given DNA dose. Furthermore, all DNA of 
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TABLE 1 . Overview of mouse studies 



Expt no. 


Fig. no. 


Mouse strain 


Vaccines" 


Immunization (day[s]) 


rVV challenge (day) 


Blood collection (days) 


1 
1 


4 




a, u, V 


0 


28 




2 


5A, 63 


CB6F1 


a, d, f, g, h 


0 


28 


0, 28, 33 


3 


5B 


CB6F1 


a, d, f, g, h 


0, 28 


None 


0, 28, 42 


4 


6A 


CB6F1 


a, b, c 


0, 28 


None 


0, 28, 42 


5 


7A 


C3H/HeN 


e, f, g, i, k 


0 


28 


0, 28, 33 


6 


7C 


C3H/HeN 


e, f, g, i, k 


0, 28 


None 


0, 28, 42 


7 


7B 


C3H/HeN 


d, f, g, h, I 


0 


28 


0, 28, 33 


8 


7D 


C3H/HeN 


d, f, g, h, I 


0, 28 


None 


0, 28, 42 



" Vaccines: a, gag; b, GPl; c, GP2; d, gagFSpol; e, gagRT; f, gagprotlnaRT; g, gagCpolIna; h, gagCpol; i, RT; k, protlnaRT; 1, p2polIna. 



<10 Jig were adjusted to 10 )xg by using noncoding vector pCMVKm2 as carrier 
DNA to avoid possible negative effects on immune potency that have been 
observed at low DNA doses (G. R. Otten, unpublished results). Table 1 contains 
a summary of the mouse studies performed and the immunization regimens 
used. 

Measurements of antibody responses to p24*^°'' Plates (96 wells; Corning) 
were coated with 100 ^,l of recombinant HIV-lspj p24^^^ antigen (Chiron) at a 
concentration of 2 jig/ml in 50 mM borate buflFer, pH 9. Sera were diluted 1:25 
and then serially diluted threefold in dilution buffer containing 1% casein as a 
blocking reagent. Pooled anti-p24*^"8 antibody-positive mouse sera served as 
both positive controls and assay standards. All sera were incubated for 1 h at 
37°C, washed, and incubated with a 1 :20,000 dilution of goat anti-mouse IgG plus 
IgM peroxidase conjugate (Pierce) for 1 h at 3TC. After washing of the plates, 
the tetramethylbenzidine substrate (Pierce) was added to each well and the 
reaction was stopped after 30 min by addition of 1 M H3PO4. The plates were 
read on an ELISA reader (312e; Bio-Tek Instruments, Inc., Winooski, Vt.) at 450 
nm with a reference wavelength of 600 nm. The calculated titers are the recip- 
rocal of the dilution of serum at a cutoff optical density of 0.4. 

Challenge of immunized mice with recombinant vaccinia viruses (rWs) ex- 
pressing Gag or Pol. Challenge of gag DNA-primed mice with rVV expressing 
HIV-lsF2 GagPol (with frameshift) (B. Doe and C Walker, Letter, AIDS 10: 
793-794, 1996) can enhance humoral and cellular immune responses to Gag 
compared to those observed after DNA immunization alone (Otten, unpub- 
lished). Thus, the rVVgagpoI challenge model can provide a useful means by 
which to obtain quantitative measurements of antigen-specific CDS"*" T-cell func- 
tion (Otten, unpublished). Mice were challenged 28 days postimmunization with 
an intraperitoneal injection of 10^ PFU of rVV. Spleens were removed 5 days 
later, and spleen cells were isolated for further evaluation in an intracellular 
cytokine-staining (ICS) assay (described below). An rW expressing HlV-lspj 
Pol was constructed to allow application of this challenge model for the mea- 
surement of Pol-specific T-cell responses. Because of the frameshift in gagpol, the 
expression of Pol was insufficient if rVVgagpol was used. The complete codon- 
optimized pol sequence, with the exception of integrase, was used. Protease and 
RT were left functional. The gene was cloned into the shuttle vector pSCl 1(11) 
via AmflCl and HindlU sites, and rVV expressing Pol was generated as described 
for rVVgagpol. 

ICS for Gag- and Pol-specific IFN-y-producing CDS"*" lymphocytes. Stimula- 
tion and staining of isolated spleen cells were done as described previously (56). 
Briefly, spleens were harvested 2 weeks post second DNA immunization or 5 
days post rVV challenge and single-cell suspensions were prepared. Nucleated 
spleen cells (lO'*) were cultured in duplicate at 37'C in the presence or absence 
of 10 ^.g of p7g peptide per ml (Doe and Walker, letter) for Gag or by using the 
RT39-47sF2 peptide TEMEKGEKI (35) for the stimulation of Pol-specific CD8"^ 
cells. Unstimulated cells plus spleen cells from naive mice were used as back- 
ground and negative controls. The background values were generally very low, 
between 0.01 and 0.1% of IFN-7-secreting CDS^ cells. After 5 h, cells were 
washed, incubated with anti-CD 16/32 (Pharmingen, San Diego, Calif.) to block 
Fc-y receptors, fixed in 1 % (wtA^ol) paraformaldehyde, and stored overnight at 
4*'C. On the following day, cells were stained with fluorescein isothiocyanate- 
conjugated CDS MAb (Pharmingen), washed, treated with 0.5% (wt/vol) saponin 
(Sigma), and then incubated with phycoerythr in-conjugated mouse IFN--y MAb 
(Pharmingen) in the presence of 0.1% (wt/vol) saponin. Cells were then washed 



and analyzed on a FACScalibur flow cytometer (Becton Dickinson Immunocy- 
tometry Systems, San Jose, Calif.). 

Statistical analysis of Gag- and Pol-specific IFN-Y-producing CD8"^ T-cell 
responses. For analysis of the relative CD8'^ T-cell responses in the mouse 
immunogenicity studies, a regression analysis was performed. Each regression 
analysis began with a single regression model incorporating indicator variables to 
allow for individual intercepts and slopes specifically for each treatment. The 
model is = Po "** PaA "f" Pt*" + PiiS^c + €, where / = 1. . .no. of treatments. 
Here Y) is the log 10 background-corrected percentage of cells showing a positive 
CDS IFN--y response for peptide treatment group i and HIV DNA vaccine dose 
level X. The intercept for each treatment is the overall intercept, 3o» plus an 
additional term, p^, for treatment /. The slope for each treatment is pjjc plus an 
additional term, pi,S^. The 5, values are indicator variables that equal 1 for 
treatment f and are 0 otherwise. The model was iterative ly reduced by removing 
first nonsignificant slope terms, those with P > 0.05, and then nonsignificant 
intercept terms, those with P > 0.05, in the reduced-slope model. The result was 
a final regression model with only the significant slope and intercept terms, those 
with P < 0.05, This model -building process was repeated for each of seven 
experiments, corresponding to Fig. 4, 5A and B, and 7A to D. Scatter plots for 
each figure including the significant regression model equations for each treat- 
ment were plotted by using SPIus 2000. 



RESULTS 

Construction of novel gag- and poZ-derived expression cas- 
settes. Previously, we reported on tlie construction and char- 
acterization of a sequence-modified Gag plasmid that was 
found in several studies to be a potent inducer of Gag-specific 
immune responses (38, 56). In the present work, we sought to 
broaden the spectrum of viral epitopes represented in our 
DNA vaccine approach (without introducing a reduction of 
Gag-specific immune responses) through the addition of Pol 
coding sequences. For this purpose, we designed and evaluated 
several novel gag and pol expression cassettes. A summary of 
the sequence-modified gene cassettes evaluated here is shown 
in Fig. L The constructs GagMod (gag), GPl, and GP2 were 
described and characterized previously but are included for 
comparison (56). The gene cassette gagFSpol was based on 
GP2 with an extension of Pol including the p66'^'^ coding 
region but without the integrase coding sequences. The inte- 
grase was excluded from all of the constructs described here to 
avoid possible integration of vaccine sequences into the host 
genome. To improve Pol expression, the frameshift region 
between the gag and pol genes was mutated by single-base 
insertion to create gagpol with both the Gag and Pol coding 
sequences in the same open reading frame. Creation of this 
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FIG. 1. Overview of HIV-1 gag an6pol expression cassettes. All sequences are based on the HlV-lgps isolate (GenBank accession no. K02007) 
and were optimized for human codon usage. The coding sequence for RT was mutated for all affected constructs to yield a nonfunctional protein. 
The various versions of constructs with mutations to eliminate the frameshift (FS) and protease (Prot) activity are shown. 



construct resulted in the loss of plp6^^s because of the muta- 
tion introduced to remove the frameshift. Because the p6 por- 
tion of Gag was shown to be important for the efficient release 
of Gag VLP (19), the cassette gagCpol was designed to include 
a repeat of p2p7plp6 to restore plp6Gag expression. More- 
over, the p2p7*^^^ repeat was introduced to improve the secre- 
tion and autoprocessing of gagCpoI by the protease (1, 57). 
Also, to enhance possible processing requirements for efficient 
expression, a pol cassette was designed to include p2p7gag 
(p2pol and p2pol). Because of concerns regarding potential 
cytotoxic properties of the functional viral protease (32) that 
could affect both antigen expression and immunogenicity, the 
protease gene was either attenuated (Att) or rendered inactive 
(Ina) in the designated constructs (Fig. 1). Fusion cassettes 
expressing Gag plus RT (gagRT) and Gag plus protease plus 
RT (gagprotJnaRT) were also constructed and compared to 
gagCpoL 

In vitro characterization of expression cassettes. To evalu- 
ate the expression patterns of the various Gag- and Pol-con- 
taining constructs, 293 cells were transiently transfected and 
supernatants and cell lysates were analyzed by p24°''^ antigen 



capture ELISA and immunoblotting. Because the p24^^8 an- 
tigen capture ELISA preferentially recognizes processed forms 
of Gag (48, 56), comparative expression analyses were prob- 
lematic to perform for all constructs. However, comparison of 
very similar constructs allowed us to test for differences in Gag 
expression. 

Figure 2 illustrates the relative Gag expression levels. The 
cassette gagFSpol was designed to extend the Pol region and at 
the same time maintain the natural processing and frameshift 
translation of the expressed GagPol precursor polyprotein. In 
cell lysates, the expression level of Gag from this construct was 
about the same as that of Gag expressed by GP2 (Fig. 2B) but 
about fourfold less p24*^^8 was detected in the culture super- 
natant compared to that of GP2 (Fig. 2A). In the gagpol and 
gagCpol constructs, the frameshift sequences were altered so 
that Gag and Pol could be expressed by the same reading 
frame in order to increase the expression of Pol without af- 
fecting Gag expression. In alternative versions of these con- 
structs, thG protease gene was either mutated to produce atten- 
uated (gagpolAtt, gagCpolAtt) or inactivated (gagpollna, 
gagCpoIIna) protease. As shown in Fig, 2C, no differences in 
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FIG. 2. Quantitative comparison of HIV-1 Gag expression by 
p24*^*8 antigen capture ELISA of supernatants (sup) and lysates (lys) 
of 293 cells 48 h posttransfection with ^^gpo/ constructs. Supernatants 
(A) and lysates (B) of GP2 versus gagFSpol are shown. Both cassettes 
express functional protease with an intact frameshift. In the experi- 
ment whose results are shown in panel C, supernatants were analyzed 
from different versions of in-frame gagpol versus gagCpol with func- 
tional, nonfunctional, or attenuated protease. The gagCpol cassettes 
included an additional p2p7plp6^''^ sequence. 



p24Gag jgyeis ^gre observed in culture supernatants when sim- 
ilar versions of gagpol and gagCpol were compared. The same 
results were also obtained with the cell lysates (data not 
shown). Thus, the additional insertion of the p2p7plp6 frag- 
ment appeared to have no influence on p24*^^8 expression 
levels as measured here. 

Western blot analysis was performed with all of the expres- 
sion cassettes described in Fig. 1 by using Gag-specific, HIV- 
positive human antisera (Fig. 3 A and B). Clear differences 
were observed between pi asm ids expressing processed and un- 
processed forms of the Gag and GagPol polyproteins. The 
highest level of Gag-specific reactivity appeared to be found in 
supernatants (Fig. 3A) and lysates (Fig. 3B) of cultures of cells 
transfected with gag, followed by GP2 and gagFSpol (data not 
shown). GP2 and gagFSpol process the Gag polyprotein by 
using a protease that is underexpressed with the natural frame- 
shift intact, and the bands observed included unprocessed 
p55*^^^ and processed forms of Gag. As would be expected in 
the absence of protease, very little or no processed p24*^^s was 
seen in lysates of cells expressing Gag alone; nevertheless, the 
small amount of processing observed in the supernatants of 
these cells was likely due to the presence of nonspecific cellular 
protease activity. In transfections with two of the constructs 
expressing Gag and Pol in the same reading frame, gagCpol 
and gagCpolAtt, the band corresponding to pSS*^''^ was not 
detectable in the cell supernatants or lysates and reduced 



amounts of p24*^^^ were seen in supernatants and lysates (Fig. 
3 A and B). For gagCpol Ina with the nonfunctional protease, 
no Gag-specific bands were detected in cell supernatants (Fig. 
3A) and a high-molecular-mass band corresponding to the 
unprocessed GagCPol polyprotein (149 kDa) was observed to 
migrate as expected in the cell lysate (Fig. 3B). Additional 
bands expressed from gagCpolIna included small amounts of 
p55*^^8 and p41^^8, but no p24*^^8 could be detected. Accord- 
ingly, when cells transfected with gagCpolIna, gagCpol, and 
gag were examined by electron microscopy, very few VLP were 
detected for gagCpolIna and no particles were detected for 
gagCpol, indicating impaired secretion of VLP compared to 
that achieved with gag (data not shown). The cassettes gagRT 
(121 kDa) and gagprotlnaRT (131 kDa) showed levels of Gag 
comparable to those observed for gagCpolIna (data not 
shown). 

The expression of Pol in cell lysates from transfected 293 
cells was also analyzed by Western blotting with RT-specific 
antisera (Fig. 3C). In general, both the single-gene cassettes in 
the absence of Gag (RT, proteaseRT, and p2polIna) and the 
gagpol fusion cassettes (gagRT, gagprotlnaRT, gagCpolIna, 
and gagpollna) appeared to be expressed well as long as the 
protease gene was absent or nonfunctional. The RT (66 kDa) 
and protlnaRT (75 kDa) cassettes appeared to be expressed at 
the highest levels, followed by the p2polIna (93 kDa), gagRT 
(121 kDa), and gagprotlnaRT (131 kDa) cassettes, followed by 
the gagCpolIna (149 kDa) and gagpollna (132 kDa) cassettes. 
The latter two constructs exhibited high-molecular-weight 
bands of the expected relative mobilities (and slightly faster, 
respectively) of similar intensities indicative of comparable 
levels of expression. In constructs expressing the func- 
tional and attenuated HIV protease, p2pol, gagCpol, and 
gagCpolAtt, reduced expression of RT-specific bands was ob- 
served compared to the levels expressed by the p2polIna and 
gagCpolIna constructs. In summary, the addition of gag se- 
quences to pol appeared to have very little influence on Pol- 
specific expression levels and vice versa but the addition of a 
functional protease gene resulted in reduced expression of 
Gag- and RT-specific bands. 

Design of mouse immunogenicity studies. The relative im- 
munogenicities of the DNA plasmids encoding the various 
gene cassettes were evaluated in mice that were intramuscu- 
larly immunized with doses of plasmid DNA ranging from 
0.002 to 20 p,g (Table 1 contains a summary of the studies 
performed). This afforded a determination of the dose depen- 
dency for each plasmid. In each experiment, groups of 4 to 10 
mice were immunized per dose of a given plasmid. One set of 
mice was immunized twice, at weeks 0 and 4, with spleen 
removal and analysis at week 6, and another set was immu- 
nized once with DNA and then challenged after 4 weeks with 
rVV expressing GagPol or Pol. Spleens were removed 5 days 
later, and cells were harvested for ICS to measure Gag- and 
Pol-specific IFN-7-producing CD8"^ lymphocytes. Because 
boosting with rW enhanced specific immune responses to 
these antigens, T-cell responses could be evaluated after a 
single DNA prime even at the lowest DNA dose. 

€08"^ T-cell responses to Gag. Gag-specific CDS"*^ T-cell 
responses were analyzed by intracellular IFN-7 staining of 
CD8"^ spleen cells that had been stimulated with Gag peptide 
p7g, an H-2K'*-restricted epitope (Doe and Walker, letter). In 
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FIG, 3. Immunoblots of synthetic HIV-1 gag and pol expression cassettes. 293 cells were transfected, and supernatants and lysates were 
collected 48 h posttransfection, subjected to 4 to 12% Bis-Tris sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and blotted onto 
nitrocellulose membranes. Immunostaining was performed with either human HIV-1 patient serum (A and B) or pooled anti-p66*^^ mouse serum 
(C). For detection of Gag expression, supernatants (A) and lysates (B) were used. Lanes: 1, gag; 2, GP2; 3, gagCpol; 4, gagCpolAtt; 5, gagCpolIna; 
6, mock transfection. For detection of Pol products, only cell lysates were analyzed (C). Lanes: 1 , RT; 2, protlnaRT; 3, p2pol; 4, p2polIna; 5, gagRT; 
6, gagprotlnaRT; 7, gagCpol; 8, gagCpolAtt; 9, gagCpolIna; 10, gagpollna; 11, mock transfection. The values on the left are molecular sizes (M) in 
kilodaltons. 



the first study (Fig. 4), addition of functional protease to Gag 
with a frameshift in constructs GPl and GP2 was tested. The 
CDS"^ Trcell responses after two DNA immunizations were 
indistinguishable for all three plasmids. Thus, from these re- 
sults, protease-mediated cleavage of Gag apparently did not 
affect the processing and presentation of Gag in vivo. At the 
lowest plasm id dose (0.02 |xg), Gag-specific CDS"^ T cells were 
only 30 to 50% below maximum. Therefore, for the next stud- 
ies, the lowest DNA dose was reduced further to 0.002 |xg. 
Furthermore, new constructs were included and compared to 
gag. The potency of all of the plasmids tested with regard to the 
induction of Gag-specific CDS^ T cells was indistinguishable 
after a single DNA immunization followed by an rVVgagpol 
challenge or after two DNA immunizations (Fig. 5A and B). 

Addition of pol sequences to gag in the DNA vaccine con- 
structs evaluated here did not affect the induction of Gag- 
specific immune responses. Moreover, despite apparent differ- 
ences between gagCpol and gagCpolIna in Gag expression as 
measured in vitro (Fig. 3), the induction of Gag-specific CDS"^ 
T-cell responses was not affected by functional protease. 



Antibody responses to Gag. The measurement of Gag-spe- 
cific antibody responses revealed a different pattern of re- 
sponses for the various constructs compared to that observed 
for the cellular responses. In the first experiment, a comparison 
was drawn between gag and GPl and GP2 (Fig. 6A) to look for 
possible effects of the functional protease on the immunoge- 
nicity of pSS*^""® when protease is expressed with the natural 
frameshift. The p55*^^^ antibody responses at 2 weeks post 
second DNA immunization demonstrated the overall weakest 
responses with GPl and better responses with GP2. The gag 
DNA appeared to be more immunogenic, especially at the 
lower DNA doses, but GP2 was more comparable to gag at the 
highest DNA dose (20 fjig). For the next experiment (Fig, 6B), 
antibody responses were analyzed 5 days after a vaccinia virus 
challenge. Additional cassettes expressing Gag and Pol in 
frame (gagprotlnaRT, gagCpol, and gagCpolIna) were evalu- 
ated. In comparison to the previously described analysis (Fig. 
6A), the differences between constructs were much more ap- 
parent. Two patterns of antibody induction emerged. The gag 
and gagFSpol cassettes induced strong humoral immune re- 
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FIG. 4. Quantitative analysis of Gag-specific, IFN-7-secreting 
CD8^ T cells. CB6F1 mice were immunized twice at weeks 0 and 4 
with titrated doses of codon-optimized HIV-1 gag» GPl, and GP2 
plasmid DNAs. Spleens were removed 2 weeks after the second im- 
munization, and the pooled spleen cells were stimulated in duplicate 
for 5 h with the p7g peptide. On the following day, cells were stained 
for CDS"^ and intracellular IFN-7 and analyzed by flow cytometry. 
Data were analyzed by a regression model (see Materials and Methods 
for details). 



sponses post vaccinia virus challenge, while the gagprotlnaRT, 
gagCpol, and gagCpolIna cassettes were much less potent for 
the induction of antibody titers. The observed antibody re- 
sponses appear to correlate with the relative amounts of se- 
creted Gag proteins observed in the in vitro analysis (Fig. 3). 
The constructs that secreted the highest levels of Gag (gag and 
gagPSpol) primed for the most potent antibody responses, 
while those that expressed high-molecular-weight polyproteins 
in the cell lysates (gagprotlnaRT and gagCpolIna) or overpro- 
cessed Gag (gagCpol) induced the poorest antibody responses. 

Cellular immune responses to Pol. For detection of cellular 
immune responses to Pol, studies were done with C3H/HeN 
mice. Spleen cells were stimulated with the H-2K*'-restricted 
nonamer TEMEKGEKI (35) and analyzed by flow cytometry 



for IFN-7 synthesis. Figure 7A and C compare the RT and 
protlnaRT DNA vaccines with those encoding gag plus poi 
sequences. In general, the magnitude of the Pol responses was 
lower than that of the Gag responses. No significant differences 
were observed between the different antigens, with the excep- 
tion of gagFSpoI, which was not as potent as expected as a 
result of the low-level expression of the encoded Pol products. 
Figure 7B and D show that the p2pol cassette, in which the 
p2p7gag and plpdpol sequences precede protlnaRT, induced 
Pol-specific CDS"^ T cells, even at low doses. Thus, in-frame 
insertions of p2p7p2p6 and protease upstream of RT did not 
seem to reduce RT-specific immunogenicity. To study this fur- 
ther, the complete gag coding region was inserted upstream of 
pol. As shown in Fig. 7, in-frame insertion of gag did not 
suppress the induction of RT-specific CDS"^ T cells; however, 
if the wild-type frameshift was present (gagFSpol), the vaccine 
was less potent at inducing this Pol-specific response after a 
vaccinia virus boost for all doses (Fig. 7B) and no response was 
detectable after two DNA immunizations, even at the highest 
dose (Fig. 7D). As for immune responses to Gag, the differ- 
ences in Pol expression in gagCpol constructs with functional 
and nonfunctional protease, as seen in vitro, did not result in 
differences in the observed immune potencies of these con- 
structs. The cellular immune responses to Pol, as measured 
here, were not affected either by the activity of protease or by 
the addition of gag sequences upstream of pol, 

DISCUSSION 

For the design and development of an effective HIV-1 vac- 
cine, the induction of T-cell responses with a large repertoire 
of specificities is essential. Inclusion of HIV-1 Pol in a vaccine 
would be expected to increase this repertoire significantly (54). 
Pol is well-conserved, broad CTL responses are found in the 
majority of infected patients, and these responses have been 
shown to be inversely correlated to the viral load (7, 21). Since 
the virus-encoded pol gene is expressed at very low levels 
compared to gag as a result of the translational frameshifting 
mechanism by which it is expressed, increasing pol expression 
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FIG. 5. HIV-lsF2 Gag-specific CDS"^ responses of CB6F1 mice immunized with titrated DNA doses of gag or gag-p\us-pol cassettes. Groups 
of mice were either immunized once and challenged with rWgagpol 4 weeks later (A) or received two immunizations with DNA at weeks 0 and 
4 (B). Spleens were harvested 5 days post vaccinia virus challenge or 2 weeks post second immunization, respectively. Pooled splenocytes were 
stimulated with the Gag-specific peptide p7g for 5 h. Cells were stained for CD8^ and intracellular IFN-7 on the next day and analyzed by flow 
cytometry. Data were analyzed by a regression model (see Materials and Methods for details). 
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FIG. 6. Antibody (Ab) titers specific for HIV-1sf2 p24*^*8 in mice 2 weeks after two immunizations (weeks 0 and 4) with DNA (A) or 5 days 
postchallenge with rWgagpol after a single DNA immunization at week 0 (B). Collected serum samples were analyzed by p24^^s ELISA as 
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and gagFSpol were compared to nonframeshifted versions of gagpol. The values shown are the geometric mean antibody titers and the standard 
deviations of the midpoint antibody titers for each group. 



by removal of the natural frameshift and removal of inhibitory 
sequences could result in the induction of a higher frequency 
of Pol-specific effector and memory CTL by /?o/-based DNA 
vaccines. In addition, because an effective HIV-1 vaccine 
would very likely be composed of at least gag and pol plus env, 
cost and practicability should also be considered. A multigenic 



DNA vaccine containing gag and pol on one plasmid would 
therefore be an advantage. Gene cassettes encoding gagpol 
have been used previously in vaccines with modest immuno- 
logical outcomes with respect to the induction of Pol-specific 
T-cell responses in human and nonhuman primate studies (9, 
15, 16). This could be explained by the use of the gagpol gene 
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FIG. 7. Frequencies of HIV-1sh2 RT-specific 008"" T-cell responses of C3H/HeN mice immunized with titrated DNA doses of RT, protlnaRT, 
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performed as described in the legend to Fig. 5. Data were analyzed by a regression model (see Materials and Methods for details). 
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with an intact frameshift and/or native codon usage, which 
would be expected to provide lower levels of poi expression. 
Casimiro et al. reported recently for the first time strong Pol- 
specific cellular immune responses in nonhuman primates af- 
ter immunization with synthetic pol DNA vaccines (10). 

In this work, we analyzed immune responses to HIV-1 gag 
and a variety of pol sequences in separate and combined ex- 
pression cassettes. Particular attention was given to the possi- 
ble negative effect of pol on gag expression and immunogenic- 
ity. Immune responses to the well-characterized plasmid 
pCMVKm2.GagMod.SF2 (gag) (56) served as a benchmark 
for these studies. Results obtained with the sequence-modified 
pol gene indicated that the expression and immunogenicity of 
Gag using gagFSpol with an intact frameshift was not affected 
by the pol sequence (Fig. 5 and 6B). Also, after removal of the 
frameshift region from the gagpol cassettes, Pol expression was 
improved dramatically. While Pol expression could not be de- 
tected in Western blots of lysates and culture supernatants 
from cells transfected with gagFSpol (data not shown), plas- 
mids encoding an in-frame gagpol cassette with nonfunctional 
protease showed high-level expression (Fig. 3C), This was also 
confirmed in mice immunized with gagFSpol versus gagCpol 
in-frame cassettes. Pol-specific CDS'*" T-cell responses could 
only be detected in gagFSpol-immunized animals after an 
rVVpol boost, whereas gagCpol induced strong responses after 
two DNA doses (Fig. 7B and D). Interestingly, previously 
described cytotoxic effects of HIV-1 protease that were shown 
to affect the expression of additional genes in vivo (51) did not 
diminish CDS"^ T-cell responses. The gagCpol (functional pro- 
tease) and gagCpolIna (nonfunctional protease) DNA vac- 
cines were indistinguishable in their abilities to induce cellular 
immune responses to Gag or Pol (Fig. 5 and 7B and D). 
However, reduced expression of the Gag and Pol proteins was 
observed in Western blots of transfected cells when the pro- 
tease was functional (Fig. 3). Whether this effect was directly 
related to negative effects of protease or altered expression 
kinetics remains to be determined. 

HIV-1 Gag is a major target with respect to the induction of 
CTL responses in HIV-l-infected patients, and plA^""^ and 
plT^^s appear to have the highest epitope density, besides Nef, 
of all HIV-1 antigens (55). Recently, an important contribution 
of pl5*^^s to the overall CTL response in HIV-l-infected sub- 
jects also was reported (55). This result should be considered 
in a Gag-based vaccine design. Thus, to retain important 
epitopes for Gag, the gagCpol cassette, containing the com- 
plete gag coding sequences in addition to pol in frame, 
was designed. After removal of the frameshift by a single- 
base insertion, plp6*^^^ protein expression was lost, resulting 
in a truncated Gag protein that was shortened by plp6^^* 
at the frameshift site. The extension of gagpol to include 
p2p7plp6^'*® in the gagCpol construct had no negative influ- 
ence on expression (Fig. 2C), and this cassette design was 
therefore selected for use in immunogenicity studies instead of 
the original gagpol construct. 

Immune responses generated against Gag or Pol by using 
various Gag- and Pol-expressing DNA vaccines were evaluated 
by repeated experiments with either two DNA immunizations 
or one immunization followed by an rW boost. Responses 
were scored by flow cytometric measurements of antigen-spe- 
cific IFN-7-secreting CDS"*" cells with an ICS assay. Responses 



to Gag were detectable after two immunizations with amounts 
of DNA as small as 2 ng. No significant differences in Gag- 
specific CDS'*" T-cell responses were found for any of the 
sequence-modified expression cassettes tested here. Cellular 
immune responses to Pol were analyzed by using C3H mice 
(//-2*), and spleen cells were stimulated by using the 9-mer 
CTL peptide described by Hosmalin et al. (25), Positive re- 
sponses could be detected in the 20- to 200-ng DNA dose 
range, compared to 2 ng for Gag, This could be explained by 
the reduced recognition and assay sensitivity of this peptide as 
recently described (10). However, solid stimulation was dem- 
onstrated with this peptide epitope; up to 32% of RT-specific 
CDS'*" cells responded after one 20-jxg DNA prime and an 
rVV boost (Fig. 7 A and B). As expected from the expression 
results, the gagFSpol DNA vaccine (i.e., Pol expressed with a 
frameshift) induced significantly lower levels of Pol-specific 
immune responses if DNA-primed mice were boosted with 
rVV expressing Pol (Fig. 7B) and no detectable Pol-specific 
responses after two DNA immunizations (Fig, 7D). As for Gag 
responses, no significant differences were found among the 
in-frame sequence-modified constructs with regard to the in- 
duction of Pol-specific CD8"^ T-celi responses. Thus, it appears 
that efficient secretion of Gag antigens as VLP secretion, which 
is impaired in gagpol fusion constructs (28, 40), was not essen- 
tial for the induction of potent Gag-specific CDS"^ responses. 
Previous results obtained by another group using synthetic pol 
and gagpol genes also demonstrated improved expression of 
Pol when it was fused in frame with Gag (26). However, cel- 
lular immune responses to Gag and Pol were demonstrated for 
single and fusion gene cassettes when mice were immunized 
four times with 100 ^Jig of DNA. In our experiments, we titrated 
the DNA doses down to 2 ng for Gag responses and 20 ng for 
Pol responses, which allowed us to more fully evaluate the 
relative potency of each construct. Moreover, in the present 
study, several additional versions of pol and gagpol, including 
those with an attenuated, functional and nonfunctional pro- 
tease gene, were analyzed. 

Altogether, the data presented in this study suggest that the 
highly efficient expression and immunogenicity of Gag are not 
impaired by Pol, and vice versa, if Gag and Pol are expressed 
as a multigenic fusion protein (gagCpol) in a DNA vaccine. 
Moreover, the expression and immunogenicity of the Pol an- 
tigen can be enhanced through removal of the frameshift and 
sequence modifications to remove inhibitory sequences and 
optimize codon usage. The improved gag-p\us-pol DNA vac- 
cine described here, when administered by using recently de- 
scribed enhanced DNA vaccine delivery technologies (38, 52), 
should prove to be a potent vaccine for the induction of T-cell 
immune responses. Furthermore, vaccine approaches that 
combine the gagCpol DNA vaccine for the induction of cellu- 
lar immune responses with improved Env antigens for the 
induction of neutralizing antibodies (3, 13, 50) hold great 
promise for the next generation of HIV vaccines. 
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Anti-HIV env immunities elicited by nucleic acid vaccines. 

Shiver JW, Davies ME, Yasutomi Y, Perry HC, Freed DC, Letvin NL, Liu MA. 

Department of Virus and Cell Biology, Merck Research Laboratories, West Point, PA 19486, 
USA. 

Plasmid DNA vaccines encoding HTV-l env were used to immunize mice and nonhuman 
primates. Plasmids were prepared that produced either secreted gpl20 or full-length gpl60. Mice 
immunized with gp 120 DNA developed strong antigen-specific antibody responses, CD8+ 
cytotoxic T lymphocytes (CTL) (following in vitro restimulation with gpl20-derived peptide), 
and showed in vitro proliferation and Thl-like cytokine secretion [gamma-interferon, interleukin 
(IL)-2 with little or no IL-4] by lymphocytes obtained from all lymphatic compartments tested 
(spleen, blood, and inguinal, iliac, and mesenteric lymph nodes). This indicated that systemic anti- 
gpl20 cell-mediated immunity was induced by this DNA vaccine. Although similar antibody 
responses were observed in mice immunized by either intramuscular or intradermal routes, T cell 
responses were significantly stronger in mice injected intramuscularly. Rhesus monkeys 
immunized with both gpl20 and gpl60 DNAs exhibited significant CD8+ CTL responses, 
following in vitro restimulation of peripheral blood lymphocytes with antigen. These experiments 
demonstrate that DNA immunization elicits potent immune responses against HIV env in both a 
rodent and a nonhimian primate species. 

PMID: 9234539 [PubMed - indexed for MEDLINE] 
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Intranasal immunization with a plant virus expressing a peptide from HIV-1 gp41 
stimulates better mucosal and systemic HIV-1 -specific IgA and IgG than ral 
immunization. 

Durrani Z, Mclnerney XL, McLain L, Jones T, Bellaby T, Brennan FR, Dimmock NJ. 

Department of Biological Sciences, University of Warwick, Coventry, UK. 

Control of pandemic human immunodeficiency virus type 1 (HIV-1) infection ideally requires 
specific mucosal immunity to protect the genital regions through which transmission more often 
occurs. Thus a vaccine that stimulates a disseminated mucosal and systemic protective immune 
response would be extremely useful. Here we have investigated the ability of a chimeric plant 
virus, cowpea mosaic virus (CPMV), expressing a 22 amino acid peptide (residues 731-752) of 
the transmembrane gp41 protein of HIV-1 IIIB (CPMV-HIV/1), to stimulate HIV-1 -specific and 
CPMV-specific mucosal and serum antibody following intranasal or oral immunization together 
with the widely used mucosal adjuvant, cholera toxin. CPMV-HIV/1 has been shown previously 
to stimulate HIV-1 -specific serum antibody in mice by parenteral immunization. All mice 
immunized intranasally with two doses of 10 microg of CPMV-HIV/1 produced both HIV-1- 
specific IgA in faeces as well as higher levels of specific, predominantly IgG2a, serum antibody. 
Thus there was a predominantly T helper 1 cell response. All mice also responded strongly to 
CPMV epitopes. Oral immunization of the chimeric cowpea mosaic virus was less effective, even 
at doses of 500 microg or greater, and stimulated HIV-1 -specific serum antibody in only a 
minority of mice, and no faecal HIV-1 specific IgA. 

PMID: 9839930 [PubMed - indexed for MEDLINE] 
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Scheme for Ranking Potential HLA-A2 Binding Peptides 
Based on Independent Binding of Individual Peptide 
Side-Chains 



Kenneth C. Parker/* Maria A, Bednarek/ and John E. Coligan* 

*Biological Resources Branch, National Institute of Allergy and Infectious Diseases, National Institutes of Health, 
Bethesda, MD 20892; and ^Merck Sharp and Dohme Research Laboratories, Rahway, NJ 07065 

Abstract, A nnethod to predict the relative binding strengths of all possible nonapeptides to the MHC class I 
molecule HLA-A2 has been developed based on experimental peptide binding data. These data indicate that, for 
most peptides, each side-chain of the peptide contributes a certain amount to the stability of the HLA-A2 complex 
that is independent of the sequence of the peptide. To quantify these contributions, the binding data from a set of 
154 peptides were combined together to generate a table containing 180 coefficients (20 amino acids X 9 
positions), each of v^hich represents the contribution of one particular amino acid residue at a specified position 
within the peptide to binding to HLA-A2. Eighty peptides formed stable HLA-A2 complexes, as assessed by 
measuring the rate of dissociation of ^2^- The remaining 74 peptides formed complexes that had a half-life of Pjm 
dissociation of less than 5 min at 37^C, or did not bind to HLA-A2, and were included because they could be used 
to constrain the values of some of the coefficients. The ''theoretical" binding stability (calculated by multiplying 
together the corresponding coefficients) matched the experimental binding stability to within a factor of 5. The 
coefficients were then used to calculate the theoretical binding stability for all the previously identified self or 
antigenic nonamer peptides known to bind to HLA-A2. The binding stability for all other nonamer peptides that 
could be generated from the proteins from which these peptides were derived was also predicted. In every case, 
the previously described HLA-A2 binding peptides were ranked in the top 2% of all possible nonamers for each 
source protein. Therefore, most biologically relevant nonamer peptides should be identifiable using the table of 
coefficients. We conclude that the side-chains of most nonamer peptides to the first approximation bind inde- 
pendently of one another to the HLA-A2 molecule. Journal of Immunology, 1994, 152: 163. 



MHC class I molecules are normally expressed 
on the cell surface in a stable complex, with 
any one of a large number of peptides gener- 
ated upon proteolysis of intracellular proteins (1, 2). In 
theory, each allelic variant of a class I MHC molecule 
selects these peptides based on the complementary struc- 
ture of the peptide and the polymorphic pockets within the 
peptide-binding groove (3, 4). In the past, motifs specific 
to individual class I molecules have been determined by 
comparing the sequences of endogenous peptides isolated 
from purified class I molecules (5, 6), or by comparing the 
sequences of peptides that are known to bind to each class 
I molecule (7). In every case studied so far, at certain 
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positions within the peptide, one aa^ or a small number of 
related aa are found to be nearly invariant; these aa 
are called dominant anchor residues (5) and appear to 
"anchor" the peptide into the class I peptide binding site 
by having a structure that is complementary to a pocket of 
the peptide-binding groove. For example, endogenous 
peptides isolated from purified HLA-A2 contain as dom- 
inant anchor residues Leu or Met at P2, and Val or Leu at 
P9 (5, 8), which are thought to bind in the B and F pockets, 
respectively (4). Some of the other positions within the 
endogenous peptides are also enriched for specific aa; 
these are defined as auxiliary anchor residues (5). In many 
cases, it is not clear to what degree the allele-specific 
peptide-binding motifs consisting of dominant and auxil- 
iary anchor residues are a consequence of the requirements 



^ Abbreviations used in this paper: aa, amino acid residue; GF, gel filtration; 
IBS, independent binding of side-chains; Ml, influenza A matrix protein pep- 
tide 58-66 (CILCFVFTL); PI, position 1 in a peptide; Pft, last position in a 
peptide; Pjm, ^2-microglobulin. 
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for peptide binding (9). or whether part of the motif is a 
consequence of Ag processing (5), These motifs have oc- 
casionally proven useful for localizing the optimal class I 
binding peptide within the sequence of a longer peptide 
that is known to contain a HLA-A2-restricted T cell epi- 
tope (10, 11). However, in other cases, no obvious motif is 
present within the antigenic peptide (12-15), possibly re- 
flecting the limitations in our knowledge about what are 
acceptable variations in peptide-binding motifs. 

To determine to what degree the dominant anchor res- 
idues or the auxiliary anchor residues of the HLA-A2 mo- 
tif are important for peptide binding, we have extended our 
previous peptide-binding study (16) to include a more ex- 
tensive set of nonapeptides, many of which are interrelated 
by single aa substitutions. These new data indicate that at 
each position within the peptide, some aa are more favor- 
able than others, regardless of the sequence of the rest of 
the peptide; therefore, it should theoretically be possible to 
improve upon predictions based solely on the anchor res- 
idues at P2 and P9 that are specific to HLA-A2 binding 
peptides. We present a table of 180 coefficients specific 
for each of the 20 aa at each of the 9 positions within the 
peptide. This table of coefficients incorporates all of the 
data that we have collected and can be used to predict the 
stability of HLA-A2 complexes containing any desired 
peptide. A mathematical combinatorial approach similar to 
that used to generate the HLA-A2 binding coefficients 
could also be applied to other macroraolecular interac- 
tions, such as between oligonucleotides and DNA-binding 
proteins. 

Materials and Methods 

Peptides 

Peptides were synthesized and purified as described (17). 
HLA-A2 binding assays 

Native isoelectric focusing gel and GF peptide binding assays were used 
as described (17). These assays measure peptide binding indirectly by 
monitoring the ability of peptides to promote incorporation of ^^I- 
labelcd jBzm into HLA-A2/i32m/peplidc hetcrotrimcric complexes. Be- 
cause the HLA H chain is refolded from inclusion bodies prepared from 
Escherichia coli^ there are no endogenous peptides present to confound 
the data. Instead, *^I-/32m is incorporated into HLA complexes only 
when an appropriate synthetic peptide is present. 

Rate measurements 

The stability of HLA-A2 complexes containing specific peptides was 
assessed by measuring the ^21" dissociation rate as described (17). 
Briefly, HLA complexes conUining ^^l-^m were isolated by GF and 
J3am dissociation was measured by means of a second round of GF. To 
make accurate measurements of half-lives that were less than 20 min, it 
was necessary to collect the purified complexes from the first round of 
GF directly into microcentrifuge tubes that were then maintained at 0*'C 
Each aliquot to be used for a time point was separately incubated from 
between 1 and 30 min at 37''C before the second round of GF. 

Mathematical modeling 

To combine the data mathematically from a large number of experiments, 
a Fortran program was written that could optimize for the values of all 



180 (20 aa X 9 positions) coefficients with any number of simultaneous 
equations. The rate data for a peptide whose sequence was GILGFVFTL 
would be entered as follows: 

ERR = ln(/,^) 

- ln(Gl XI2XL3XG4XF5XV6XF7XT8XL9X Constant) 

where ERR squared equals the error function to be minimized, r,/2 equals 
the measured half-life of dissociation in minutes at 37°C, Gl represents, 
for example, the coefficient for Gly at PI to be determined (see Table I), 
and Constant equals the overall normalization constant. For the peptides 
that had half-lives of dissociation of <5 min, ERR was set equal to 0.0 if 
the second term (the logarithm of the product of the coefficients and the 
normalization constant) was less than in(5.0); otherwise. In(5.0) was sub- 
tracted from the second term. The program calculated the values for the 
coefficients that minimized the sum of the error functions of the 154 
equations, where each equation corresponds to the rate data for one pep- 
tide. After the coefficients were calculated, the coefficients at each po- 
sition were normalized by dividing by the coefficient for Ala at that same 
position, and all of the normalization constants for Ala at each position 
were combined into Constant. As a result, the coefficients for Ala are not 
independent, and there are only 172 independent variables: one for each 
aa (19 independent terms relative to Ala) at each of the 9 positions within 
a nonameric peptide, plus Constant. Thus. Constant equals the predicted 
half-time for dissociation of a complex containing the peptide 
AAAAAAAAA in minutes at 37*'C. 

In practice, to limit the number of variables to a number more appro- 
priate for the amount of data we had collected, 82 variables were selected 
that appear to be the most important for determining peptide binding to 
HLA-A2 (see Table V). Of these variable coefficients 40 were at the 
dominant anchor positions at P2 and P9, which are known to be critical 
for peptide binding to HLA-A2 (5, 8). A total of 31 variable coefficients 
were selected on the basis of the relationship between the sequences of 
the peptides and the data that were collected. For example, a coefficient 
was always allowed to be a variable if the dissociation rate for an 
HLA-A2 complex containing a peptide was significantly different from 
the dissociation rate of a complex that contained a second peptide that 
differed in sequence only at the position of the coefficient. Eight other 
coefficients were allowed to be variable (D at PI; R and W at P3; W and 
Y at P5; W and Y at P6; and W at P7) because they correspond to aa that 
are chemically similar to aa that are expected to be important for binding 
based on the singly substituted peptide studies described above. Three 
coefficients at P4 (corresponding to He, Leu, and Phe) were allowed to be 
variable because peptides containing these aa formed complexes that 
were less stable than could otherwise be accounted for. All other coef- 
ficients were fixed at 1.0. A fonran program was written based on the 
algorithm of Davidon (18) to solve for all 82 variables simultaneously. A 
second program was written that further optimized each coefficient sep- 
arately starting with the output from the first program. In addition, this 
program determined the maximum tolerable value for a coefficient that 
was present only in the set of nonbinding peptides. The coefficients (see 
Table V) were obtained using these two programs starting with the as- 
sumption that each coefficient (and Constant) had a value of 1.0. Almost 
all nonapeptides for which we have collected data were used in the cal- 
culations, and arc listed (sec Tables II-IV). There were two classes of 
exceptions. Some peptides contained such poor dominant anchor residues 
at P2 and P9 that including them would have no impact on the calcula- 
tions. The second class of exceptions (see Table VI) were excluded be- 
cause they were not consistent with the bulk of the data. Three of these 
peptides (see Table VIA) probably violate the requirement of indepen- 
dent binding of side-chains (see below). Tlie remaining 12 peptides (see 
Table VIB) contained poor dominant anchor residues at P2 and P9 or 
poor auxiliary anchor residues at P3. and often formed complexes in 
relatively low yield, or highly variable yield. It is possible that the active 
species in some of the peptides (sec Table VIB) are contaminating pep- 
tides. We are currently investigating the basis for the unusual behavior of 
these peptides. 

Comparison of experimental to theoretical 

To test how well the coefficients fit the experimental data, theoretical 
dissociation rates were calculated from the table of coefficients (sec 
Table V) and the overall normalization constant. In practice, this was 
done using a program written using Dbase III software (Ashton-Tate. 
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Torrance, CA). In this program, the inputs are the table of coefficients to 
be used, a table containing peptide sequences (in single aa code) and 
experimental binding data. The program calculates the theoretical disso- 
ciation rate and the ratio of the experimental to theoretical. 

Ranking of potential HLA-A2 binding peptides 

Software was written in the Dbase III programming language that gen- 
erates a table containing the sequence of every possible contiguous nine 
aa peptide starting from a protein's primary sequence. The peptides can 
then be indexed according to the theoretical 02in dissociation rate, 
calculated using the coefficients (see Table V). 

Results 

dissociation rate data for pairs of peptides that 
differ at single aa 

It has been found that the ^2^1 dissociation rate from 
HLA-A2 complexes containing peptides with a Leu at P2 
and a Val at P9 varies over at least four orders of magni- 
tude, depending on the sequence of the rest of the peptide 
(17). Nonetheless, the Leu at P2 in either peptide 
GLGGGGGGV (ty2 < 1 min) and in peptide LLF- 
GYPVYV (/,/2 4000 min) might stabilize the correspond- 
ing HLA-A2 complex to the same degree. One way to test 
this idea is to compare the dissociation rates of pairs 
of peptides that differ in sequence by a single aa substi- 
tution. Table I contains data of this kind, listed according 
to the position within the peptide, and then alphabetically 
according to the single letter aa code of the aa to be com- 
pared (first column). For example, at the top of Table I, 
there are five pairs of peptides that differ only by substi- 
tution of Lys for Gly at PL The ratio of ^2^ dissociation 
rates obtained for HLA-A2 complexes containing each 
pair of peptides is shown in Table I, second column. It can 
be seen that, in this instance, the ratio of the rate constants 
falls within a rather narrow range, from 2.5 to 6.1. Simi- 
larly, peptides that contain Leu at P2 bind between 100 
and 200 times better than the corresponding Ala peptide, 
whereas He peptides bind about 15- to 25-fold worse than 
the corresponding Leu peptides. In most cases, of the 15 
combinations of aa that are compared in Table I, the range 
in the ratio observed is considerably less than an order of 
magnitude. The variability in these ratios may be due to 
experimental error (especially in cases where one or both 
dissociation rates are <10 min or more than 2(X)0 min) or 
may be dependent on the other amino acids present in the 
same peptide (see Discussion). 

Prediction of dissociation rates using coefficients 
specific for each combination of aa and 
peptide position 

When a given peptide binds to a class 1 molecule, the 
stability of the complex can theoretically be divided into 
coefficients that represent the contribution of each aa 
within the peptide to the overall stability. To the first ap- 
proximation, each of these coefficients could be indepen- 
dent of the sequence of the rest of the peptide; that is, there 



Table I. Comparison of 32m dissociation rates of HLA-A2 
complexes containing peptides differing by one amino acid 
at given position 



aal/ 


Ratio'' 


Peptide 1 




Peptide 2 


aa2' 


Sequence 




Sequence 




Kl/Gl 
Kl/Gl 
Kl/Gl 
K1/G1 
K1/C1 


4.6 
2.5 
4.8 
4.3 
6.1 


KALGFVFTL 
KILGFVFTL 
KILGKVFTL 
KLFGGGGGV 
KLFGGVGGV 


410 
2500 
2100 
470 
730 


GALGFVFTL 
GI LGFVFTL 
GILGKVFTL 
GLFGGGGGV 
GLFGGVGGV 


89 
1000 
440 
110 
120 


L2/A2 
L2/A2 


>24 
170 


GLFGGVGGV 
GLLGFVFTL 


1 20 
15000 


GAFG6VGGV 
GALGFVFTL 


<5 
89 


L2/12 
L2/I2 
L2/I2 


>22 
>24 
15 


GLFG6GGGV 
GLFGGVGGV 
GLLGFVFTL 


no 

120 
15000 


GIFGGGGGV 
GIFGGVGGV 
GILGFVFTL 


<5 
<5 
1000 


L2/Q2 
L2/02 
L2/Q2 


11 

37 
3.4 


GLFGGVGGV 
GLLGFVFTL 
LLFGYPVYV 


120 
6400 


GQFGGVGGV 
GQLGFVFTL 
LQFGYPVYV 


n 

410 
1900 


L2/M2 
L2/M2 
L2/M2 


5 

14 
.88 


GLFGGGGGV 
GLFGGVGGV 
LLFGYPVYV 


110 
120 
6400 


GMFGGGGGV 
GMFGGVGGV 
LMFGYPVYV 


22 
84 
7300 


A3/E3 
A3/E3 


10 
43 


GIAGFVFTL 
ILASLFAAV 


240 
348 


GIEGFVFTL 
ILESLFAAV 


24 
8,1 


F3/C3 
F3/G3 
F3/C3 
F3/G3 


>100 
>24 

>400 
>36 


GLFGGGGGV 
GLFGGVGGV 
GLFGGGFGV 
GLFGGFGGV 

xJLI VJUl UUV 


110 
120 
2000 
1 80 


GLGGGGGGV 
GLGGGVGGV 
GLGGGGFGV 
GLGGGFGGV 


N/A 
<5 
<5 
<5 


F3/L3 
F3/L3 


>22 
9 2 


GLFGGGVGV 
GLFGGGVGV 


110 

OjVJ 


GLLGGGVGV 
GLLGGGVGV 


<5 
90 


C4/K4 
G4/K4 


4.0 
1 .1 


GILGFVFTL 
GLFGGGGGV 


1000 
lift 


GILKFVFTL 
GLFKGG6GV 


250 
104 


F5/K5 
F5/K5 


2.3 
1 2 


GILGFVFTL 
KI LGFVFTL 


1000 
2500 


GILGKVFTL 
KILGKVFTL 


440 
2100 


V6/G6 
V6/C6 
V6/G6 


1.1 
3.8 
1.6 


GLFGGVGGV 
GMFGGVGGV 
KLFGGVGGV 


120 
84 

730 


GLFGGGGGV 
GMFGGGGGV 
KLFGGGGGV 


110 
22 
470 


F7/A7 
F7/A7 


10.3 
2.6 


GILGFVFTL 
GLFGGGFGV 


1000 
2000 


GILGFVATL 
GLFGGGAGV 


97 
770 


F7/E7 
F7/E7 


. 15.0 
3.8 


GILGFVFTL 
GLFGGGFGV 


1000 
2000 


GILGFVETL 
GLFGGGEGV 


65 
530 


V7/G7 
V7/G7 


7.5 
>18 


GLFGGGVGV 
GLLGGGVGV 


830 
90 


GLFGGGGGV 
GLLGGG6GV 


110 
<5 


L9/A9 
L9/A9 


1.8 
>4.8 


GILGFVFTL 
GLFGGGGGL 


1000 
24 


GILGFVFTA 
GLFGGGGGA 


550 
<5 



• aa, using single letter code, and peptide position to be compared. 
fi/2 of the first peptide divided by tj/^ of the second peptide. 
Half-life of pjm dissociation for HLA-A2 complexes containing the pep- 
tide, in min at 37*C. 



could be IBS. The ratio in Table I, second column, can be 
thought of as the ratio of the corresponding coefficients 
(see Table V). To test the IBS idea, the coefficients must 
be experimentally determined for a reasonably large set of 
peptides. For a 9 aa peptide, there would be 180 (9 resi- 
dues X 20 aa) possible coefficients. For our initial cal- 
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culations, we chose to limit the number of variables by 
solving for only those coefficients that are most important 
for binding to HLA-A2 (82 coefficients in all), based on 
the peptides that we have studied. All other coefficients 
were assigned a neutral value of 1.0. 

We calculated these coefficients from data on the sta- 
bility of HLA-A2 complexes containing individual pep- 
tides, and also took account of which peptides did not bind 
to HLA-A2. Peptides that form HLA-A2 complexes can 
be distinguished from nonbinding peptides by use of a OF 
assay in which the ability of each peptide to promote in- 
corporation of ^^I-^2in into HLA-A2 complexes is as- 
sessed. Average percentages of peptide-dependent in- 
corporation are listed in column 2 of Tables II, III, IV. and 
VL The peptides that formed HLA-A2 complexes could be 
further subdivided according to how stable the complexes 
were once they were formed. Those peptides that formed 
complexes that had a half-life of dissociation of >5 min at 
37**C (see column 3) are listed in Table II, whereas those 
peptides that formed less stable complexes are listed in 
Table III. Peptides that caused the incorporation of less 
than 10% of the labeled into HLA-A2 complex when 
assayed at a concentration of 1 mM were considered to be 
nonbinders for HLA-A2, and are listed in Table IV. In the 
calculations, each peptide in Table II corresponded to one 
independent equation; in which the product of the appro- 
priate coefficients and an overall normalization constant 
was set equal to the experimentally measured half-life (see 
Materials and Methods), In contrast, the peptides in Table 
III and Table IV corresponded to an inequality; in which 
the product of the appropriate coefficients and the overall 
normalization constant was set equal to less than a half-life 
of 5 rain. For the purpose of discussion, each category of 
peptide was further divided by sequence into three cate- 
gories; those based on a poly-Gly or poly-Ala backbone 
(Tables IIA, IIIA, and IVA), those related to the Ml pep- 
tide, which is an optimal HLA-A2 restricted antigenic in- 
fluenza A matrix peptide (Table IIB and IVB), and other 
peptides (Table IIC, IIIB, and IVC), including HLA-A2. 
restricted antigenic peptides and essentially random viral 
peptides that we had synthesized. 

When the equations and inequalities conesponding to 
each of the peptides listed in Tables II, III, and IV were 
simultaneously solved, the coefficients listed in Table V 
were obtained. These coefficients were then used to cal- 
culate the theoretical half-life of dissociation of listed 
in the column labeled "theo" in Tables II, III, and IV. It 
can be seen from the ratio listed in the fifth column of 
Table II that, in every case where accurate experimental 
half-lives are obtainable, the theoretical binding stabilities 
differ from the actual binding stabilities by less than a 
factor of 5.0, and the average ratio is a factor of 1.6. The 
overall fit of the data is shown graphically in Figure L4, 
where the theoretical half-life of ftm dissociation is plot- 
ted vs the experimental half-life. Considering that these 
rate constants vary over at least four orders of magnitude, 



the fit is impressive, A ratio of coefficients similar to that 
listed in Table I, second column, can be calculated from 
the coefficients in Table V. For example, the ratio of co- 
efficients from Table V for Kl/Gl is 3.465/0.578 = 6.0, 
compared to a range of between 2.5 and 6.1 as shown in 
Table I, second column. This verifies that the coefficients, 
shown in Table V faithfully reflect the contribution of 
each aa of a nonamer peptide for binding to HLA-A2. The 
fact that the majority of the half-lives is predicted well 
(Fig. L4) supports the premise that side-chain/side-chain 
interactions are in the majority of cases of minimal 
importance in peptide binding. 

Two features of the coefficients listed in Table V are of 
particular relevance. First, the most important coefficients 
in Table V are those that are significantly different from 
1.0. Second, the higher the frequency of the coefficient 
among the equations, the more accurately known the value 
of the coefficient. This is because the value of a coefficient 
has a greater impact on the overall error if the coefficient 
is present in a large number of equations, especially if the 
peptides that correspond to those equations form stable 
HLA-A2 complexes. The frequency of each aa/peptide po- 
sition combination in peptides that form stable HLA-A2 
complexes (Table II) and in peptides that do not form sta- 
ble complexes (Tables III and IV) is listed in parentheses 
in Table V. It can be seen that the coefficient for L2 is both 
important and accurately known, because it has a high 
numerical value (103.183), and it appears in 33 different 
equations (corresponding to 33 peptides that form stable 
HLA-A2 complexes), and in 39 additional inequalities 
(corresponding to 39 different peptides that either form 
unstable HLA-A2 complexes, or do not bind at all). In 
contrast, the coefficient for K2 is more tentative, because 
only one peptide containing a Lys at P2 was tested that 
formed a stable HLA-A2 complex^. To get the most ac- 
curate values for the coefficients, we included in the cal- 
culations equations corresponding to as large a number of 
peptides as possible, because each additional peptide adds 
an additional constraint to the values of nine different co- 
efficients. However, there were certain peptides that were 
excluded from the set (listed in Table VI) because their 
binding properties appeared to be inconsistent with the 
bulk of the peptides. In particular, three peptides stood out 
(Table VIA) that bound reasonably well to HLA-A2 and 
formed complexes in high yield. These three peptides, we 
believe, violate the assumption of independent binding of 
side-chains (see below). The remainder of the peptides 
were excluded because the data seemed in some way to be 
"dubious" (Table VIB). Some of these peptides promoted 
the incorporation of a rather small percentage of ^^l-^m 
into complexes. One possible explanation for this could be 
that a contaminant in the peptide preparation is the active 



^ Analysis of the stability of complexes containing five additional peptides that 
contain Lys at P2 indicates that the coefficient for Lys at P2 as listed in Table 
V rs too high, and should be close to 1.0. 
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Sequence* 



Expt. 



Theoretical 



Predicted 



Ratio" 



Ratio« 



ALFAAAAAV 


70 


570 


870 


1.5 


1100 


2.0 


GIFGGVGGV 


70 


8 


n 


1.4 


12 


1.6 


GLOKGGGGV 


70 


6 


3 


2.4 


0.6 


10 


GLFGGFGGV 


80 


180 


190 


1.0 


180 


1.0 


GLFGG6AGV 


80 


770 


430 


1.8 


270 


2.9 


GLFGGGEGV 


90 


530 


350 


1.5 


190 


2.9 


GLFGGGFGV 


90 


2000 


2700 


1.3 


3300 


1.6 


GLFGGGGGL 


70 


24 


22 


1 1 
■ • 1 


21 


1 2 


GLFGGGGGV 


70 


no 


45 


2.5 


39 


2.8 


GLFGGGVGV 


90 


830 


480 


1.7 


230 


3.6 


GLFGGVGGV 


80 


120 


110 


1.1 


110 


1.2 


GLFGGVGKV 


80 


96 


110 


1.1 


110 


1.2 


GLFKGVGGV 


80 


100 


no 


1.1 


110 


1.1 


GLGGGGFGV 


70 


8 


21 


2.8 


120 


16 


GLLGGGVGV 


90 


90 


160 


1.7 


300 


3.4 


GLYGGGGGV 


60 


140 


30 


4.5 


4.1 


33 


GMFGGGGGV 


90 


22 


25 


1.1 


27 


1.2 


GMFGGVGGV 


70 


84 


61 


1.4 


50 


1.7 


GOFGGVGGV 


70 


8 


11 


1.3 


13 


1.6 


GVFGGVGGV 


60 


6 


6 


1.0 


1.1 


6.4 


KLFGGGGGV 


90 


470 


270 


1.7 


210 


2.2 


KLF6GVGGV 


80 


730 


660 


1.1 


630 


1.2 


B. Ml -related nonapeptides that form stable HLA-A2 complexes 










AILGFVFTL 


80 


1800 


1300 


1.4 


1100 


1.6 


GAIGFVFTL 


80 


38 


38 


1.0 


20 


1.9 


GALGFVFTL 


50 


89 


76 


1.2 


59 


1.5 


GELGFVFTL 


60 


280 


280 


1.0 


180 


1.5 


GIAGFVFTL 


50 


240 


210 


1.1 


220 


1.1 


GIEGFVFTL 


60 


21 


11 


1.8 


4.3 


4.9 


GILAFVFTL 


40 


610 


770 


1.3 


760 


1.2 


GILGAVFTL 


50 


220 


130 


1.7 


78 


2.8 


GILGEVFTL 


80 


220 


96 


2.3 


14 


15 


GILFGAFTL 


60 


220 


300 


1.4 


360 


1.6 


GILGFEFTL 


80 


730 


960 


1.3 


2100 


2.9 


GILGFKFTL 


50 


71 


71 


1.0 


300 


4.2 


GILGFVATL 


50 


97 


120 


1.2 


130 


1.3 


GILGFVETL 


70 


65 


99 


1.5 


180 


2.7 


GILGFVFAL 


40 


1000 


770 


1.3 


740 


1.4 


GILGFVFEL 


90 


870 


770 


1,1 


750 


1.2 


GILGFVFKL 


90 


1200 


/ Z\J 


1 c 

1 .3 


7JU 


1 .6. 


GILGFVFTA 


70 


560 


330 


1.7 


30 


19 


GILGFVFTL 


50 


1000 


770 


1.3 


760 


1.4 


GILGFVFVL 


90 


210 


230 


1.1 


310 


1.5 


GILGFVKTL 


50 


68 


73 


1,1 


93 


1.4 


GILGKVFTL 


70 


440 


270 


1.7 


170 


2.6 


GILKFVFTL 


80 


250 


770 


3,1 


820 


3.3 


GILPFVFTL 


90 


1100 


77n 


1 .3 


/5U 


1 .5 


6IVGFVFTL 


80 


180 


450 


2.5 


940 


5.2 


GKLGFVFTL 


30 


1500 


1600 


1,0 


75 


21 


GLLGFVFTL 


80 


15000 


7800 


2.0 


6000 


2.6 


GOLGFVFTL 


90 


410 


760 


1.9 


1500 


3.6 


KALGFVFTL 


90 


380 


450 


1.2 


540 


1.4 


KILGFVFTL 


50 


2700 


4600 


1.7 


5600 


2.1 


KILGKVFTL 


90 


2100 


1600 


1.3 


1200 


1.8 


C. Other nonapeptides that foi 


rm stable HLA-A2 complexes 










AILLGVFML 


20 


54 


110 


2.1 


440 


8.2 


AIYKRWIIL 


60 


7 


7 


1.0 


340 


48 


ALFFFOIDL 


30 


67 


67 


1.0 


41000 


610 


ATVELLSFL 


70 


6 


5 


1.3 


3.1 


2.0 


CLFGYPVYV 


90 


4600 


4600 


1,0 


7700 


1.7 



Average % of incorporation as assessed by gel filtration. 
Experimentally measured hatf-life of dissociation in min at 37'C. 
''Theoretical half-life of ^^m dissociation, calculated using coefficients in Table V. 

^Factor by which the theoretical half-life differs from the measured half-life; (column 4 + column 3, or column 3 + column 4, whichever is >1) 
Predicted half-life of dissociation using coefficients that were calculated from all of the equations except the equation corresponding to the peptide that 
IS [King predicted. ^ o i- 

s Factor by which the predicted half-life differs from the measured half-life: (column 6 -i- column 3, or column 3 ^ column 6, whichever is >1 ). 
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Table II— Continued 



Sequence' CF* 



Expt. 



Theoretical Predicted 
Un"^ Ratio* Ratio* 



C. Other nonapeptldes that form stable HLA-A2 complexes {Continued) 



FIFPNYTIV 


90 


200 


300 


1.5 


670 


3.4 


IISLWDOSL 


60 


6 


6 


1.1 


9.8 


1.7 


ILASLFAAV 


70 


350 


330 


1.0 


340 


1.1 


ILESLFAAV 


70 


10 


18 


1.8 


45 


4.7 


KLGEFFNQM 


90 


350 


190 


1-8 


44 


7.9 


KLGEFYNQM 


80 


220 


150 


1.5 


57 


3.9 


KMFGYPVYV 


90 


4400 


15000 


3.4 


58000 


13 


LLFGYPVYV 


70 


6400 


7800 


1.2 


9000 


1.4 


LLWKGEGAV 


80 


360 


270 


1.3 


120 


3.1 


LMFGYPVYV 


90 


7300 


4400 


1.7 


3100 


2.4 


LNFGYPVYV 


40 


41 


41 


1.0 


350 


8.6 


LQFGYPVYV 


90 


1800 


750 


2.5 


270 


6.9 


NIVAHTFKV 


80 


140 


100 


1.4 


75 


1.9 


NLVPMVATV 


90 


480 


430 


1.1 


360 


1.3 


OMLLAIARL 


80 


110 


49 


2.3 


13 


8.5 


QMWQARLTV 


90 


420 


560 


1.3 


1400 


3.3 


RLLQTGIHV 


90 


300 


330 


1,0 


280 


1.1 


RLVNGSLAL 


70 


81 


64 


1.3 


36 


2.3 


SLYNTVATL 


80 


370 


720 


1.9 


2100 


5.6 


TLNAWVKVV 


70 


100 


94 


1.1 


70 


1.4 


WLYRETCNL 


80 


91 


210 


2.3 


1600 


18 


YLFKRMIDL 


90 


570 


420 


1.4 


390 


1.5 



species, as has been found in other assay systems (19). In 
most cases, dissociation rates for the peptides listed in Ta- 
ble VIB were difficult to calculate because the majority of 
the counts incorporated into HLA-A2 complex dissociated 
rapidly, although a small percentage of the complex dis- 
sociated with the half-life listed. For ALFAAAAAY and 
GQLGFVFTK no internally consistent half-life could be 
obtained. In addition, all of these peptides have anchor 
residues at P2, P3, or P9 (marked in bold in Table VIB), 
that are infrequent or absent among peptides that form 
stable HLA-A2 complexes. For all of these reasons, we 
believe it would be wisest to exclude these peptides from 
the calculations for the time being, until more peptides 
are synthesized and tested that could help address these 
problems. 

Explanation of the values obtained for the 
coefficients 

The coefficients in Table V corroborate the data obtained 
previously from endogenous peptide sequence analyses (5, 
8) that the most important anchor positions are at P2 and 
P9. In addition to Leu and Met at P2, He and Gin are also 
relatively well tolerated. Although Gin has not been pre- 
viously reported to be an anchor residue at P2 for wild- 
type HLA-A2, it was recently foimd to be present at P2 in 
pooled endogenous peptides isolated from mutant HLA- 
A*0205 molecules (20), which differ from A*0201 mole- 
cules by a single substitution (F9Y) in the B pocket. Our 
data suggest that the most abundant anchor residues at P2 
for this mutant are different from wild type HLA-A2 in a 
quantitative sense only. At PI, negatively charged residues 
are unfavorable, whereas Lys is favorable. This can most 



easily be explained by an ionic interaction with E63, 
which is known to be located near the N-terminus of the 
peptide-binding site (4). At P3, aromatic residues are fa- 
vorable, and charged residues are most often unfavorable. 
A few exceptional peptides, notably ILDKKVEKV and 
ILKEPVHGV, can form stable HLA-A2 complexes de- 
spite the charged residue at P3, presumably by means of 
oveniding favorable interactions with other peptide resi- 
dues (a violation of the IBS condition). Most residues are 
equally well tolerated at P4; however, our data tentatively 
indicate that large hydrophobic residues like Phe are un- 
favorable. At P5-P7, aromatic residues seem to be fa- 
vored, as at P3; however, KLFGFVFTV, which contains 
Phe at P3, P5, and P7, binds much less well than would be 
predicted (2,000 min vs 300,000 min predicted) if each of 
these positions contributed independently. Most likely, 
this is due to the limited space that is available within the 
peptide-binding groove to accommodate bulky side-chains 
(this would be a second violation of the IBS principle). At 
P8, Val is significantly less favorable than Ala, Glu, Lys, 
or Thr, at least in the context of the matrix peptide se- 
quence (GILGFVFTL). This may indicate that the hydro- 
phobic isopropyl group of Val cannot be accommodated as 
easily as hydrophilic, or smaller side-chains. At P9, Val 
and Leu are better than Met and He, and all other residues 
examined appear to be very much worse. The importance 
of the P9 position is exemplified by the data collected 
using peptides that belong to the paradigm GLFGGGFGX, 
because GLFGGGFGF, GLFGGGFGN, and GLFGGG- 
FGS form complexes that are at least 1000-fold less stable 
than GLFGGGFGV. Moreover, most peptides that contain 
either Lys or Tyr at P9 do not bind appreciably, despite 
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Table III. A. Poly-Cly and poly-Ala nonapeptides that form 
unstable HLA-A2 complexes 



Sequence* 


CF* 




Theo" 


Ratio* 


GAFGGVGGV 


20 




1.1 




GAFGGVGGY 


30 




0.002 




GEF6GVGGV 


20 




4.0 




GGFGGVGGV 


10 




0.10 




GIF66GGGV 


40 


3 


4.4 


1.3 


GIGGFGGGL 


20 




0.12 




GIGGGGGGL 


20 




0.016 




GLDGGG6GV 


60 


4 


2.9 


1.5 


GLDGKGGGV 


10 




7.4 




GLDKKGGGV 


30 


1 


7.4 


7.4 


GLFGGGFGF 


70 


5 


4.9 


1.1 


GLFGGGFGG 


50 


1 


4.9 


4.9 


GLFGGGFGN 


80 


3 


4.9 


1.5 


GLFGGGFGS 


60 


1 


4.9 


4.9 


GLFGGGGGA 


50 


1 


9.2 


6.6 


GLFGGGGGI 


70 


4 


4.9 


1.1 


GLFGGGGGM 


60 


4 


14 


3.1 


GLFGG6GGT 


50 




0.082 




GLFGGGGGY 


10 




0 083 




GLGFGGGGV 


40 


2 


0.009 


250.0 


GLGGFGGGV 


60 


5 


2.6 


1.8 


GLGGGFGGV 


60 


3 


1.4 


2.3 


GLGGGGGFV 


60 


3 


0.34 


7.5 


GLGGGGGGY 


10 




0.001 




GLGGGVGGV 


40 


1 


0-084 


1.1 


GLLGGGGGV 


50 


3 


15 


5.2 


GLPGGGG6V 


40 




5.0 




GNFG6VGGV 


10 




0,58 




GSFGGVGGV 


20 




5.0 




GTFGGVGGV 


40 


1 


6.4 


4.3 


B. Other nonapeptides that fomri unstable HLA-A2 complexes 


AGNSAYEYV 


10 




0.21 




GLFPGOFAY 


10 




4.8 




HILLGVFML 


10 




5.0 




ILESLFRAV 


20 


2 


5.0 


2.7 


KKKYKLKHI 


10 




0.18 




MLASIDLKY 


20 




0.14 




MLERELVRK 


10 




0.011 





Sequence, in single-letter aa code. 

Average % of incorporation as assessed by gel filtration. 
^ Experimentally measured half-life of pjm dissociation in min at 37'*C. If 
no number is present, the half-life was difficult to measure, but is probably less 
than 5 min. 

''Theoretical half-life of j32m dissociation, calculated using coefficients in 
Table V. 

* Factor by which the theoretical half-life differs from the measured half- 
life. 



Otherwise very favorable residues (e.g., GILGFVFTK, 
KLYEKVYTY; see Table IVB and IVC). 

Application of the binding coefficients to ranking of 
known antigenic and endogenous peptides 

It would be interesting to know if the known endogenously 
synthesized self and antigenic peptides are among the best 
HLA-A2 binding peptides. Theoretically, large numbers 
of peptides may be more capable of binding to HLA-A2, 
but might never be generated in vivo. To determine 
whether this is likely, the coefficients in Table V were 
used to rank all of the potential nonamers from each of the 
proteins for which a known antigenic or endogenous pep- 
tide has been identified. The parameters that describe the 



Table IV. A. Poly-Cly and poly-Ala nonapeptides that do not 
bind to HLA-A2 



Sequence' GF^ Theo*^ 



ALAAAAAAK 1 0.24 

GDFGGVGGV 4 5.0 

GFFGGVGGV 5 5.0 

GHFGGVGGV 8 5.0 

GIFGGGGGA 9 0.90 

GI6GGFGGL 3 0.068 

GIGGGGFGL 2 1.0 

GLFGGGGGF 6 0.08 

GLGGGGGGL 4 0.17 

GLGGGGGGV 5 0.34 

GPFGGVGGV 5 5.0 

GRLGGGGGI 5 0.036 

GYFGGVGGV 6 5.0 

B. Ml -related nonapeptides that do not bind to HLA-A2 

EILGFVFTK 0 5.0 

GILGFVFTE 2 4.9 

GIL6FVFTK 4 5.0 

C. Other nonapeptides that do not bind to HLA-A2 
DIYRIFAEL 4 5.0 
EIKOTKEAL 3 0.01 
EIYKRWIIL 7 4.0 
ELDAPNSHY 1 0.059 
ELKSKYWAI 1 5.1 
ELKVKNLEL 2 1.1 
ELRSLYNTV 2 5.0 
ELRSRYWAI 3 3.3 
ERYLKDQQL 4 4.9 
GEIYKRWII 5 4.0 
GLPVGGNEK 5 0.15 
GMOWNSTAF 4 0.044 
ILKQKIADL 8 1.9 
ILRGSVAHK 7 0.020 
KIFIAGN5A 1 5.0 
KLYEKVYTY 3 5.0 
LGFVFTLTV 5 5.0 
LLSFLPSDF 5 0.004 
PLNPFVSHK 1 3.7 
RYWAIRTRS 2 0.082 
TPQDLNTML 3 1.7 



* Sequence, in single letter aa code. 

* Average % of ^jm incorporation, as assessed by gel filtration. 

<^ Theoretical half-life of ^2m dissociation, calculated using coefficients in 
Table V. 



ranking of each peptide are shown in Table VII. Column 
3 shows the number of overlapping nonamers that could 
be generated from each protein. Column 4 shows the the- 
oretical half-life of dissociation for the most stable 
nonamer. The next two columns list the rank of the peptide 
using the experimentally measured half-life of dissocia- 
tion, followed by the measured half-life. Finally, the last 
two columns list the rank of peptide when the peptide's 
theoretical half-life of dissociation is used, followed by the 
theoretical half-life. (Note that our current algorithm is 
capable of ranking nonamers only, although some longer 
peptides could form comparably stable complexes.) The 
first peptide, the influenza matrix peptide GILGFVFTL, 
was previously found to be a major target of all HLA- 
A2-restricted, influenza-specific CTL, both in humans 
(21) and in HLA-A2 transgenic mice (22). It ranks first 
among all possible nonamers from the matrix protein 
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Table V. Coefficients used to calculate theoretical rate constants 





Coeff* 




aa 


Coeff 


Freq 


aa 


Coeff 


Freq 


A1 


1.000 


(6, 2) 


A4 


1.000 


(4, 3) 


A7 


1. 000 


(8,4) 


CI 


0.597 


(1,0) 


C4 


1.000 


(0, 0) 


C7 


1.000 


(1,0) 


Dl 


0.041 


(0, 1) 


04 


1,000 


(0, 2) 


07 


1.000 


(0, 0) 


El 


0.578 


(0, 9) 


E4 


1.000 


(3, 1) 


E7 


0,820 


(2, 2) 


Fl 


1.000 


(1,0) 


F4 


0,027 


(1,2) 


F7 


6.383 


(32, 10) 


01 


0.578 


(46, 48) 


G4 


1.000 


(53, 44) 


C7 


0.105 


(16,37) 


HI 


0.044 


(0, 1) 


H4 


1.000 


(0, 0) 


H7 


1.000 


(0, 0) 


11 


1.000 


(3, 3) 


14 


0.078 


(0, 1) 


17 


1,000 


(4, 1) 


K1 


3.465 


(8, 3) 


K4 


1,000 


(6, 2) 


K7 


0.603 


(2, 1) 


LI 


1.000 


(5, 2) 


L4 


0,646 


(3 2) 


L7 


l.(X)0 


(2 31 


Ml 


1.000 


(0, 2) 


M4 


1.000 


(0, 0) 


M7 


1.000 


(0,0) 


Nl 


1.000 


(2,0) 


N4 


1.000 


(2, 0) 


N7 


1.000 


(2, 3) 


PI 


1.000 


(0,1) 


P4 


1.000 


(3, 2) 


P7 


1.000 


(0, 0) 


Q1 


1.000 


(2, 0) 


Q4 


1.000 


(2, 1) 


Q7 


1.000 


(1, 1) 


Rl 


1.000 


(2,1) 


R4 


1.000 


(1,2) 


R7 


0.277 


(0, 1) 


SI 


1.000 


(1,0) 


S4 


1,000 


(2, 6) 


S7 


1.000 


(1,3) 


Tl 


1.000 


(1, 1) 


T4 


1.000 


(0, 0) 


T7 


1,000 


(1,3) 


VI 


1.000 


(0, 0) 


V4 


1.000 


(0, 3) 


V7 


1.120 


(8, 1) 


Wl 


1.000 


(1,0) 


W4 


1.000 


(0,1) 


W7 


5.951 


(0, 3) 


Yl 


1.000 


(1,0) 


Y4 


1.000 


(0, 2) 


Y7 


1.000 


(0. 1) 


A2 


1.000 


(3,2) 


A5 


1.000 


(4, 3) 


A8 


1.000 


(6, 7) 


C2 


0.500 


(0, 0) 


C5 


1.000 


(0, 0) 


C8 


1.000 


(0, 0) 


02 


0.500 


(0, 1) 


05 


1.000 


(0, 0) 


08 


1.000 


(2, 2) 


E2 


2.840 


(1,2) 


E5 


0.756 


(2, 1) 


E8 


1.000 


. (1,3) 


F2 


0.500 


(0, 1) 


F5 


6.044 


(30, 7) 


F8 


1.000 


(1, 1) 


G2 


0.500 


(0, 3) 


C5 


0.804 


(24,41) 


C8 


1.000 


(20,41) 


H2 


0.500 


(0, 1) 


H5 


1.000 


(1,0) 


H8 


1.000 


(1,4) 


12 


10.151 


(30, 14) 


15 


1,000 


(0, 3) 


18 


1.000 


(2, 2) 


K2 


20.5243 


(1,1) 


K5 


2.085 


(2, 9) 


K8 


1.000 


(3, 1) 


L2 


103.183 


(33, 39) 


L5 


1,000 


(3 4) 


L8 


l.OOO 


fO 0) 


M2 


57.920 


(6,1) 


M5 


1.000 


0,0) 


M8 


KOOO 


(1,2) 


N2 


0.542 


(1,1) 


N5 


1.000 


(1,1) 


N8 


1,000 


(1,0) 


P2 


0.500 


(0, 2) 


P5 


1,000 


(0, 1) 


P8 


1.000 


(0, 0) 


Q2 


10.006 


(3, 0) 


Q5 


1,000 


(0, 0) 


Q8 


1.000 


(2,1) 


R2 


0.500 


(0, 2) 


R5 


1.000 


(2, 2) 


R8 


1.000 


(1,2) 


S2 


0.500 


(0,1) 


S5 


1.000 


(0, 1) 


58 


1.000 


(1, 1) 


T2 


6.080 


(1,1) 


T5 


1.000 


(2, 1) 


T8 


1,000 


(30, 6) 


V2 


5.919 


(1,0) 


V5 


1.000 


(0, 0) 


V8 


0.293 


(2, 0) 


W2 


0.500 


(0, 0) 


W5 


2.680 


(2, 0) 


W8 


1.000 


(0, 0) 


Y2 


0.500 


(0, 2) 


Y5 


8.002 


(6, 0) 


Y8 


1.000 


(6, 1) 


A3 


1.000 


(2, 2) 


A6 


1,000 


(2, 1) 


A9 


1.000 


(1,3) 


C3 


1.000 


(0,0) 


C6 


1.000 


(0, 0) 


C9 


0.010 


(0, 0) 


D3 


0.726 


(1,4) 


06 


1.000 


(2, 2) 


09 


0-010 


(0, 0) 


E3 


0.054 


(2, 2) 


E6 


3.246 


(2, 0) 


E9 


0.015 


(0,1) 


F3 


11.383 


(27, 27) 


F6 


4.369 


(4, 4) 


F9 


0.009 


(0, 4) 


G3 


0.088 


(3,12) 


C6 


1.060 


(13, 29) 


C9 


0.009 


(0, 1) 


H3 


1.000 


(0,0) 


H6 


1.000 


(0, 0) 


H9 


0.010 


(0, 0) 


13 


1.849 


(1, 1) 


16 


1.000 


(1,1) 


19 


0.534 


(0,6) 


K3 


0.024 


(0, 5) 


K6 


0.239 


(1, 1) 


K9 


0.015 


(0, 7) 


L3 


3.685 


(31,6) 


L6 


1.000 


(1, 2) 


L9 


2.357 


(41, 13) 


M3 


1.000 


(0, 0) 


M6 


1.000 


(1,0) 


M9 


1.501 


(2,1) 


N3 


1.000 


(1,2) 


N6 


1.000 


(0, 3) 


N9 


0.009 


(0, 1) 


P3 


1.261 


(0, 2) 


P6 


1.000 


(6,1) 


P9 


0.010 


(0, 0) 


Q3 


1.000 


(0, 2) 


Q6 


1.000 


(0,1) 


Q9 


0.010 


(0, 0) 


R3 


0.033 


(0, 3) 


R6 


1,000 


(1,2) 


R9 


0.010 


(0, 0) 


S3 


1.000 


(1,1) 


S6 


1,000 


0,1) 


S9 


0.009 


(0, 2) 


T3 


1,000 


(0, 0) 


T6 


1.000 


(2,1) 


T9 


0,009 


(0, 1) 


V3 


2.173 


(5, 0) 


V6 


2,588 


(40, 20) 


V9 


4.884 


(36, 27) 


W3 


12.978 


(2,1) 


W6 


0,251 


(1, 1) 


W9 


0,010 


(0, 0) 


Y3 


7.613 


(4, 4) 


Y6 


3.470 


(2, 4) 


Y9 


0,009 


(0, 7) 



* aa using single letter code, followed by the position within the peptide. 
Coefficient, calculated by solving simultaneously equations corresponding to each of the peptides in Tables 11, III, and IV, Coefficients whose value equal 
exactly 1 .000 were constrained to equal 1 .0. No coefficient is known to better than two decimal places; many coefficients may be off by greater than a factor of 
2.0. The value in this table is representative of the raw output from the Fortran program. At P2, coefficients were assigned a value of 0.500 if no peptides were 
studied that formed stable complexes with this aa/peptide position combination. At P9, coefficients were assigrted a value of 0.01 0 if rm peptides were studied that 
contained this aa/peptide position combination. Note that all undetermined coefficients in Table V have been assigned the value of 1 .0, which corresponds to the 
coefficient for Ala at that same position. In making predictions of the stability of HLA-A2 complexes containing unknown peptides, one could substitute a coefficient 
with the corresF)onding coefficient of a chemically more similar aa. The overall normalization coefficient = 0.151. 

^ First number: number of peptides that contain the aa at the position in question in Table (I. Second number: number of peptides that contain the aa at the 
position in question in Tables III and IV. 
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Fit of xperimental to theoretical 
t 1/2 In minutes at 37 ""C 




0 1 2 3 4 5 



log(theorottcal) 

Fit of experimental to predicted 
1 1/2 In minutes at 37 °C 




•1 0 1 2 3 4 5 6 

lofl(pr«dIctod) 

FIGURE 1. A, Comparison of theoretical half-life of J32m 
dissociation to the experimentally measured half-life. The 
data from the third column of Table II were plotted against 
the fourth column. The //ne indicates the position of a perfect 
fit. B, Comparison of the predicted ha If- life of pjm dissocia- 
tion to the experimentally measured half-life. The data from 
the third column of Table II were plotted against the sixth 
column. The //ne indicates the position of a perfect fit. 



(Table VIIA) and third among all possible nonamers en- 
coded by the influenza genome (data not shown). The 
HTLV-1 derived, HLA-A2-restricted peptide LLF- 
GYPVYV (23) also ranks first from its source protein. The 
HIV polymerase-derived, HLA-A2-restricted, antigenic 
peptide ILKEPVHGV (11) "theoretically" ranks 45th of 
the 1007 possible nonamers in the pol protein, which 
would place it only in the top 5%. However, in the case of 
ILKEPVHGV, the experimental rank is much higher than 
the theoretical rank, because ILKEPVHGV binds much 
better than expected based on the coefficients in Tabic V. 
Notably, none of the other seven higher-ranking HIV 
polymerase-encoded peptides are predicted to bind much 
more than twofold better (data not shown). The remaining 
three antigenic peptides, KLGEFYNQMM (24), FIAGN- 



Table VI. A. Nonapeptides that may violate the side-chain 
independence rule 



Sequence* CF** fi/2*' Theo** Ratio*^ 



KLFGFVFTV 60 2000 300,000 150 

ILDKKVEKV 50 2900 250 12 

ILKEPVHGV 80 190 4.8 38 

B. Peptides that form HLA-A2 complexes that behave irregularly 



ALFAAAAAY 


30 




2 




GIGFGGGGL 


20 


200 


0 


200000 


GKFGGVGGV 


10 


80 


22 


3.7 


GLFGGGGGK 


30 




0 




EILGFVFTL^ 


10 


85 


770 


9.1 


GIKGFVFTL» 


60 


2500 


5 


500 


GQLGFVFTK 


70 




5 




ILGFVFTLT'' 


50 


140 


0 




KILGFVFTK 


5 


210 


30 


7.2 


KKLGFVFTL 


30 


750 


9300 


13 


KLFEKVYNY 


20 


9 


8 


1.2 


LRFGYPVYV 


20 


400 


180 


2.3 



* Sequence, in single letter aa code. 

^Average % of incorporation, as assessed by gel filtration. 

Experimentally measured half-life of dissociation in min at 37''C. 
*^ Theoretical half-life of p^m dissociation, calculated using coefficients in 
Table V. 

* Factor by which the theoretical half-life differs from the measured half- 
life. 

^This peptide would have been placed in Table MB if it were better able to 
form HLA-A2 complexes. The dissociation rate of complexes containing this 
peptide is consistent with the rest of the data, but it was not used to calculate 
the coefficients. 

« This peptide reproducibly fails to form complexes with the expected pi. 
Instead, the complex has the same charge as CILCFVFTL complexes. 

''This peptide is likely to be contaminated with trace amounts of ILG- 
FVFTL, which is known to form complexes with the measured stability (16). 



SAYEYV (23), and FLPSDFFPSV (25), are longer than 
nine aa long, which is why no theoretical rank of half-life 
is listed. When the experimentally measured half-life of 
these peptides is compared against the theoretical half- 
lives of all possible nonamers from the source protein, 
each of these peptides ranks close to the top. 

When the endogenous peptides are examined, we see 
that ILDKKVEKV, like ILKEPVHGV, binds much more 
tightly than expected using the coefficients in Table V. 
When its experimentally measured half- life is used for 
ranking purposes, it ranks at the top of the list. With the 
exception of LLDVPTAAV, the other endogenous pep- 
tides also rank in the top few percent of all possible non- 
amers from their source protein. Note that our estimates 
for the ranking of these remaining endogenous peptides 
are inherently less accurate because we have not measured 
the half-lives of complexes containing these peptides. The 
endogenous peptide that ranks the lowest, LLDVPTAAV, 
was derived from the leader peptide of IP30, and was iso- 
lated from a cell line with a mutation in Ag processing, so 
that presumably only peptides derived from the leader 
peptide were available for binding to HLA-A2 (26). We 
conclude that most antigenic peptides and most predomi- 
nant self peptides are selected from among those peptides 
that can form the most stable class I complexes. 
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Table VII. Ranking of HLA-A2 antigenic and endogenous peptides using the coefficients* 



rroiein 


Sequence*^ 


No. 9- 
mers*' 


Highest 
t^n' 


Experimental 
Rank t^/2 


Theoretical 
Rank t^j 


A. Antigenic peptides 
















Flu matrix {10, 21) 


GILGFVFTL 


244 


800 


1st 


1000 


1st 


800 


HTLV-I tax (23) 


LLFGYPVYV 


350 


8000 


1st 


4000 


1st 


8000 


HIV polymerase (11) 


ILKEPVHGV 


1007 


400 


8th 


190 


45th 


10 


Influenza nucleoprotein (24) 


KLGEFYNQMM 


552 


600 


4th 


190 






HCMV gB (23) 


FIAGNSAYEYV 


889 


2000 


3rd 


1000 






Hepatitis core Ag (25) 


FLPSOFFPSV 


175 


400 


1st 


1500 






B. Endogenous peptides 
















hsp 84 (16) 


ILDKKVEKV 


715 


900 


1st 


2800 


19th 


20 


ip30 (8) 


LLDVPTAAV 


295 


500 






7th 


60 


tis 21 (8) 


TLWVDPYEV 


150 


1000 






1st 


1000 


helicase (8) 


YLLPAIVHI 


546 


400 






8th 


30 


pp61 (8) 


SLLPAIVEL 


581 


900 






6th 


200 


phosphorylase regulatory A (8) 


SLLPAIVEL 


581 


900 






6th 


200 


phosphorylase regulatory B (8) 


SLLPAIVEL 


567 


900 






6th 


200 



^ There are other examples of sequences that are known to contain H LA- A2 -restricted peptides but, in these other cases, the optimal peptide has not been 
identified (12-14). 
^ Protein of origin. 

Amino acid sequence. 

Number of nonamers in the protein. 
''Theoretical half-life of ^2^1 dissociation (in min at 37^0 for the peptide that ranked first for this protein. 

'^Rank of peptide determined by comparing the experimentally measured half-life of dissociation to the theoretical half-life of /Sjm dissociation for all the 
nonamers that could be generated from the same protein. These columns are blank for peptides that have not been tested. 

» Rank of peptide determined by comparing the theoretical half-life of /Sjm dissociation to the theoretical half-life of ^^m dissociation for all the nonamers that 
could be generated from the same protein. These columns are blank for peptides that are longer than nonamers, because we cannot make an accurate prediction 
of the theoretical half-life of dissociation for longer peptides. 



Discussion 

One of the major reasons to study peptiiie binding to class 
I molecules is to be able to determine which peptides are 
likely to be antigenic, starting from the primary sequence 
of (for example) a viral protein. In addition, it would be 
useful to know why certain peptides are antigenic, but 
most peptides are immunologically silent. The data in 
Table VII suggests that so far as we can tell, dominant 
antigenic peptides in HLA-A2-restricted immune re- 
sponses are among those peptides that bind most tightly to 
HLA-A2. If this turns out to be generally correct, then it 
should be possible to develop mathematical algorithms to 
identify most antigenic peptides using approaches similar 
to that described herein that are tailored to the peptide- 
binding properties of each histocompatibility Ag. 

The class I MHC protein HLA-A2 has been shown to 
bind certain peptides, generally 9 aa in length, that pref- 
erentially contain Leu or Met at P2 and a Val or Leu at the 
C-terminus (P9) (5, 8). The residues at these two positions 
have been termed anchor residues (5) because their rela- 
tive lack of variability indicates that they serve as primary 
contact points between the peptide and the class I binding 
site. However, peptides that contain both Leu at P2 and 
Val at P9 form complexes whose stability spans at least 
four orders of magnitude (16), indicating that the aa at 
other positions can serve as auxiliary anchor residues that 
are critical for peptide binding. Therefore, to make useful 
predictions about peptide binding affinity, if possible, the 
contribution of both the dominant and auxiliary anchor 



residues must be analyzed on a quantitative basis. The 
simplest approach is to assume that each amino acid side- 
chain binds independently of the rest of the peptide (the 
IBS hypothesis). It seems reasonable to expect that for 
many peptides, the IBS hypothesis will adequately explain 
peptide binding, and for other peptides, more complicated 
explanations will be needed to explain peptide binding. 
Whenever IBS is true, the binding affinity of any nonamer 
can be broken down into nine different coefficients, each 
of which is dependent only on the identity of the aa and the 
position within the peptide. Therefore, a table containing 
180 different coefficients would contain the information 
necessary to calculate a probable binding affinity for any 
possible nonamer. 

To calculate the coefficients, we measured the stability 
of a large number of HLA-A2 complexes containing dis- 
tinct peptides, as assessed by measuring the rate of 
dissociation. We also compiled a list of peptides that were 
unable to make stable complexes with HLA-A2. To solve 
for the coefficients, the dissociation data for each 
peptide was treated as an independent equation, in which 
the measured half-life of ^2^1 dissociation was set equal to 
the product of the nine coefficients (see Materials and 
Methods), In theory, a sufficiently large set of peptide 
binding data could be used to solve for all of the coeffi- 
cients simultaneously. In practice, we calculated values for 
the coefficients that were most important to our current 
peptide database. Until every aa at every position has been 
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tested, we cannot exclude the possibility that other coef- 
ficients may also contribute significantly to peptide bind- 
ing to HLA-A2. Despite these approximations, we found 
that for the vast majority of the peptides that we have 
tested, the binding data were consistent with the IBS hy- 
pothesis. Only for 3 of 83 peptides was it necessary to 
propose significant side-chain/side-chain interactions to 
explain the observed peptide-binding properties. We con- 
clude that for most peptides, the stability of the HLA-A2/ 
P2rn/peptide complex is what would be expected if each 
side-chain of the peptide bound independently to the class 
I molecule. 

Compiling a table of peptide binding coefficients based 
on individual peptide side-chains has several powerful ad- 
vantages. First, the coefficients in Table V incorporate all 
of the peptide-binding data that we have collected so far, 
with a few exceptions (see Table VI). The table of coef- 
ficients can then be used to estimate the binding stability 
of HLA-A2 complexes containing an untested peptide. As 
soon as additional binding data become available, the new 
data can be used to refine the accuracy of the table of 
coefficients. Second, the table can be used to make a quan- 
titative prediction about which aa in a given peptide are of 
primary importance for binding to HLA-A2. For example, 
in the case of the influenza matrix peptide GILGFVFTL, 
the Phe residues at P5 and P7 are predicted to be almost as 
important as the He at P2. This information could be used 
to predict which substitutions in an antigenic peptide 
might allow it to bind more tightly to HLA-A2. In some 
cases, a peptide that binds very weakly to HLA-A2 might 
be converted into a useful vaccine candidate by this 
means. Third, experiments can be designed to test every 
coefficient in the table by measuring the stability of 
HLA-A2 complexes containing peptides that differ at the 
aa in question. Fourth, whenever the binding of a peptide 
is badly predicted by the table of coefficients, one would 
predict that significant side-chain/side-chain interactions 
are taking place or that some side-chain is oriented in a 
significantly different direction than usual. 

The most obvious way to test the validity of the coef- 
ficients in Table V would be to predict the half-lives of 
dissociation for complexes formed with a new set of 
peptides, and then to compare the predictions against ex- 
perimental measurements. We have not explicitly done 
this, because we have used all new information to improve 
the values of the coefficients. Instead, to test the power of 
this methodology to predict which peptides would make 
the most stable HLA-A2 complexes, the coefficients were 
recalculated for each of the 80 peptides that bind stably to 
HLA-A2, using all of the equations used to calculate the 
coefficients in Table V except for the equation corre- 
sponding to the peptide to be tested. The factor by which 
the "predicted" half-life of jSjm dissociation differs from 
the measured half-life is listed in Table II, seventh column. 
It can be seen that although this factor is always greater 
than the factor obtained when the peptide to be tested is 



included in the set of equations (Table II, fifth column), 
the half-lives of 62 of the 80 peptides were still predicted 
within a factor of five. In most cases, the poorest predic- 
tions can be easily explained. For example, ALFFFDIDL 
(Table IIC) was predicted poorly because it was the only 
peptide that formed stable HLA-A2 complexes that con- 
tained a Phe at P4. When the equation for ALFFFDIDL 
was deleted, the program calculated the highest value for 
the coefficient for Phe at P4 that was consistent with the 
observation that GLGFGGGGV (Table IIIA) and LLS- 
FLPSDF (Table IVC) do not form stable HLA-A2 com- 
plexes. It turns out that this causes the value of the coef- 
ficient for F4 to increase from 0.027 (Table V) to 16.7, 
which is an artificially high value. This happens because 
GLGFGGGGV and LLSFLPSDF have such poor anchor 
residues at P3 and P9, respectively that the coefficient for 
F4 could be as high as 16.7, and these peptides would still 
not be expected to form stable HLA-A2 complexes. 

As a further check on the logic behind the calculations, 
the coefficients were recalculated allowing all of the 180 
coefficients to be variables. This allowed the overall error 
function to decrease from a value of 22.8 to a value of 
12.3. The new set of coefficients was very similar to that 
in Table V (data not shown), especially for the coefficients 
that apply to a large number of peptides (like L2 and V9). 
As would be expected considering the number of vari- 
ables, certain coefficients were poorly defined. For exam- 
ple, the coefficients for both Wl and C7 were present only 
in the equation corresponding to the data for 
WLYRETCNL (see Table II), and other coefficients could 
not be calculated at all because peptides containing the 
corresponding aa were not available. Nonetheless, with a 
sufficiently large set of peptides, these difficulties would 
be overcome, and all of the coefficients could be simulta- 
neously calculated. Thus, it will not always be necessary 
to make intuitive choices as to which coefficients should 
be allowed to deviate from a value of 1.0. However, it 
would be possible to reduce the number of variable coef- 
ficients used in our calculations by two distinct means. 
First, some of the coefficients that were allowed to be 
variables were calculated to have values near 1.0 (e.g., D3, 
P3, L4, E5, G5, G6, E7, and V7), and therefore (in retro- 
spect) need not have been variables. Second, in some 
cases, chemically similar aa were found to have similar 
coefficients, even though the algorithm used to calculate 
the coefficients did not take this into account (e.g., F3, Y3, 
W3 and F5, Y5, W5), and therefore the number of vari- 
ables could be reduced by constraining several coefficients 
to have the same value. 

The IBS hypothesis is based on the following theoreti- 
cal considerations. The logarithm of each coefficient can 
be thought of as being related to a partial free energy of 
activation for the process of dissociation of the complex. 
The partial free energies of activation should be additive, 
assuming the peptide side-chains bind independently to 
the HLA H chain, and assuming the rate-limiting step for 
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the dissociation of each complex is the same. The sign of 
the logarithm of a coefficient can be either negative or 
positive, depending on whether the aa makes a favorable 
or unfavorable contribution to the stability of the complex. 
The equation E = -RT In K converts from energy, which 
is additive, to the coefficients themselves, which are fac- 
tors that contribute to the value of the rate constant. 
Instead of measuring free energies, we have measured ex- 
clusively the complex stability, as deduced from the half- 
life of dissociation. These kinetic measurements may 
have some advantages over free energy measurements, be- 
cause there is no contribution from variations in free pep- 
tide solvation, and the uncertain status of the HLA H 
chain/P2ni dimer. However, whenever two peptide side- 
chains interact with one another, compete for binding to 
the same pocket, transmit structural changes to other pock- 
ets, or alter the structure of the rate-limiting step for dis- 
sociation, the IBS condition would be violated. 

The IBS hypothesis is based on the approximation that 
any one aa at a given peptide position would be able to 
adopt nearly the same limited set of conformations, re- 
gardless of the rest of the peptide's sequence. The cur- 
rently available crystal structure data indicate that the 
overall structure of the peptide-binding groove is similar 
for all peptide complexes (4, 27-32), and adjusts only 
slightly to different peptides (28). In particular, the con- 
formation of the peptide is constrained by the canonical 
hydrogen bonds between the class I molecule and the pep- 
tide termini at both end of the peptide-binding groove (28, 
30, 32). In addition, one might expect that for HLA-A2 the 
anchor residue at P2 would always be buried in the B 
pocket (4). These constraints would be expected to limit 
the potential flexibility of the peptide. The energetics of 
the conformations of each aa, and its interactions with the 
peptide-binding groove would determine the values of the 
coefficients, which might also incorporate side-chain sol- 
vation effects in the case of exposed aa, and also second- 
ary effects transmitted to other residues by limitations to 
the conformational flexibility of the peptide backbone. 
Theoretically, energy minimization calculations based on 
crystallographically determined coordinates of one pep- 
tide/H chain complex should be able to quantitate the en- 
ergetic consequences of substitutions in the peptide, mak- 
ing the table of coefficients obsolete. At this point in lime, 
however, these calculations are cumbersome and unreli- 
able, and the table of coefficients can provide a first ap- 
proximation to the binding properties of an unknown 
peptide. 

Because it appears that longer peptides can loop out in 
the middle in order to maintain favorable contacts at both 
termini (28, 31), it would be possible to extend the IBS 
idea to account for the binding properties of peptides 
longer thaji 9 aa. In this case, the coefficients for P1-P4 
might be the same as with nonamers, but the coefficients 
for P6-P9 would apply to P(ft-4) - PO, where Ci stands for 
the last amino acid in the peptide. We have found that the 



binding properties of some peptides can be explained ad- 
equately in this way (data not shown), but many peptides 
are predicted very poorly, especially when there is a Gly 
residue at P2 or P3. So far, the longest peptide that we 
have tested that appears to bind by the looping-out mech- 
anism is the 15-mer GLFGGGGGVKGGFGV, which con- 
tains favorable dominant anchor residues at P2 and 
and also favorable auxiliary anchor residues at P3 and 
P(fl-2). Before this extension of the IBS hypothesis will 
be generally useful, it will be necessary to work out an 
additional set of rules that takes into account the variety 
of peptide backbone conformations that can be used to 
accommodate the looped-out residues. 

We have used the coefficients listed in Table V to ask 
whether the well-studied antigenic and endogenous pep- 
tides represent the highest affinity peptides that could be 
generated from their parent proteins. The calculations 
listed in Table VII indicate that, so far as we can tell, these 
biologically important peptides are usually among the top 
2% of all possible HLA-A2 binding peptides. For exam- 
ple, the optimal HLA-A2-restricted peptide GILGFVFTL 
is predicted to bind more tightly to HLA-A2 than any 
other peptide that can be derived from the influenza matrix 
protein, even though it contains a relatively unfavorable 
He at P2. Thus, there is no reason to believe that antigenic 
peptides are preferentially selected from a lower affinity 
set of peptides, as has been proposed (33). It would be 
interesting to determine whether any of the other peptides 
that are predicted to form stable complexes with HLA-A2 
are ever antigenic or associated with HLA-A2 in vivo. In 
this way, one could address the relative importance to an- 
tigenicity of peptide binding to HLA-A2 compared to 
other factors like protein proteolysis, protein turnover, 
peptide stability, peptide transport, the rate of formation of 
the complex, and holes in the T cell repertoire. Unlike the 
dissociation of the HLA-A2 complex, which is a unimo- 
lecular process, the processes that affect the rate of for- 
mation of the HLA-A2 complex are potentially subject to 
control mechanisms that may differ between cell types, 
making it much more difficult to study them. In any case, 
we believe that the coefficients in Table V provide the best 
means available so far to identify HLA-A2 binding pep- 
tides, whether or not they turn out to be antigenic, immu- 
nologically silent, or never formed in vivo. It would be 
interesting to determine whether a table of coefficients cal- 
culated by similar means would be able to improve the 
predictive power of the motifs that have been elucidated 
for class II binding peptides (34). Other macromolecular 
interactions such as ligand/antibody and oligonucleotide/ 
DNA binding protein might also be addressed using a 
mathematical approach similar to that described here. 

Note added in proof. Software is being developed to make 
the coefficients in Table V publicly accessible through the 
National Center for Biotechnology Information at the 
National Library of Medicine. 
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CTL directed at the highly conserved HIV-1 gag 
protein have been described in HIV-1 seropositive 
persons and may be an important host defense 
against this retrovirus. Presently only limited data 
are available regarding the specific epitopes recog- 
nized by these CTL. In this study, we have per- 
formed a detailed examination of the gag-specific 
CTL response in three HIV-1 seropositive subjects, 
using both tmstimulated PBMC and cloned CTL. 
Lysis of gag-expressing targets was found to be me- 
diated by CD3*CD8^ lymphocytes and restricted by 
class I Ag. Multiple class I Ag were found to restrict 
gag epitopes in each subject studied, with as many 
as three of these Ag involved in presenting gag CTL 
epitopes in a single subject. The majority of gag- 
specific CTL activity was fotmd to be directed 
against epitopes in the p24 subunit of the gag pro- 
tein, with at least seven different HLA class I-re- 
stricted CTL p24 epitopes identified in these three 
subjects. Less CTL activity was directed against pl7 
subimit of gag and two CTL epitopes were identified 
in this protein. Although as many as four different 
epitopes in gag were recognized using CTL from a 
single subject, none of the epitopes was recognized 
by CTL from more than one subject. Analysis of gag 
epitope recognition using cloned CTL demonstrated 
heterogeneity and specificity not appreciated tising 
imstimulated PBMC. The identification of multiple 
relatively conserved epitopes in the HIV-1 gag pro- 
tein and the heterogeneity of CTL responses to this 
protein may have important implications for vac- 
cine development and our imderstanding of AIDS 
pathogenesis. 



Infection with HIV-1 typically results In a prolonged 
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asymptomatic phase characterized by progressive Im- 
munodeficiency ultimately leading to opportunistic Infec- 
tions and death. The Immunologic and vlrologic factors 
which contribute to the maintenance of this prolonged 
asymptomatic phase are not well defined, but It is likely 
that the host immune response plays an important role 
in Inhibiting virus replication. Both humoral and cellular 
immune responses to HIV-1 have been described in in- 
fected persons (1-9), but the relative contributions of 
these arms of the immune system to protective Immunity 
have not yet been determined. A vigorous cytotoxic T cell 
response to HIV-1 has been detected In infected persons 
(10-15). and several lines of evidence suggest that HIV- 
1 -specific CTL are effective in Inhibiting virus replica- 
tion. CD8^ lymphocytes with the phenotype of CTL have 
been demonstrated to inhibit replication of HIV-1 In vitro 

(16) . and a decline in HIV-1 -specific CTL activity has 
been observed in individuals who have developed AIDS 

(17) . These observations and previous experiments dem- 
onstrating that CTL mediate protective immunity against 
other viral Infections (18, 19) have led to the suggestion 
that an effective AIDS vaccine should be immunogenic 
for CTL epitopes (20). Further characterization of the 
viral epitopes recognized by HIV-1 -specific CTL should 
therefore contribute to the rational design of an AIDS 
vaccine and may help define the role of CTL in the 
pathogenesis of HIV-1 infection. 

Multiple HIV-1 proteins have been shown to be recog- 
nized by CTL including gag (10. 12. 14, 15). RT* (11). 
envelope (10. 13. 14), nef (15. 21). and vif (15). In other 
viral infections, CTL responses to relatively conserved 
structural proteins have been shown to provide cross- 
reactive immunity against genetically divergent viral 
pathogens (22. 23). and CTL to such proteins may there- 
fore be a particularly important component of the host 
immune response. The HIV-1 gag protein is highly con- 
served among sequenced Isolates, and CTL responses 
against the p55 gag protein have been described in a 
majority of HIV-1 seropositive subjects (12. 14. 15). How- 
ever, only a limited number of gag CTL epitopes and their 
restricting Ag have been defined (12, 24. 25). 

In this study we have performed a detailed analysis of 

* Abbreviations used In this paper: RT. reverse transcriptase; B-LCL. 
B-lymphoblastold cell line; v/Iac. recombinant vaccinia virus expressing 
3-gaIactosldase: v/p55. recombinant vaccinia virus expressing p55 gag: 
v/p24, recombinant vaccinia virus expressing the p24 gag subunit; aa, 
amino acid. 
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the gag-specific CTL responses In three HIV-1 seroposi- 
tive individuals with significant activity against p55- 
expresslng targets. By using unstimulated PBMC and CTL 
clones, we have examined cytolytic activity against gag 
subunlt vectors, defined the HLA Ags restricting these 
responses, and identified specific CTL epitopes within 
the gdg protein. Our results demonstrate that the gag- 
speclflc response Is heterogeneous both with respect to 
HLA restriction and epitope specificity and Is directed at 
multiple relatively conserved CTL epitopes. 

MATERIALS AND METHODS 

Patient population. Three HTV-l seropositive subjects with sig- 
nificant gag-spcclfic CTL activity were selected for study. All sub- 
jects gave written informed consent and the study was approved by 
the Massachusetts General Hospital Human Studies Committee. 
These three subjects were chosen from a group of five HIV-1 sero- 
positive subjects who had been screened for lysis of autologous gag- 
expressing targets and were selected for further analysis on the 
basis of their exhibiting significant gag-specif ic activity (I.e., greater 
than 20% specific lysis at an E:T ratio of 100:1). gag-speclfic lysis 
of autologous targets at an E:T ratio of 100:1 was less than 10% In 
the two subjects who were not further studied. At the time of entry, 
all subjects were asymptomatic: CD4* lymphocytes were 145/mm^ 
in subject 010-0351. 1150/mm^ In subject 010-063j. and 900/mm^ 
In subject 010-1 151. Subject 010-0351 was referred to as subject 63 
In a previous report from this laboratory (26). During the course of 
this study (approximately 15 mo), subject 010-063j had a progressive 
decline in CD4* cells to less than 200/mm^ and subsequently devel- 
oped Pneumocystis carina pneumonia. The other two subjects re- 
mained stable without significant declines In CD4* T lymphocytes. 
Serum HIV-1 p24 Ag levels were undetectable In all subjects during 
the study period. 

Cell lines. EBV-transformed B-LX^L were established and main- 
tained as described previously (10) in RPMI 1640 medium (Sigma. 
St. Louis. MO) supplemented with L-glutamlne (2 mM). penicillin (50 
U/ml), streptomycin (50 pg/ml). and HEPES (10 mM) containing 20% 
(vol/vol) heat-inactivated PCS (Sigma). Allc^enelc B-LCL were also 
obtained from the American Society for Histocompatibility and Im- 
munogenetlcs B cell line repository. All cell lines were free of myco- 
plasma infection by standard culture techniques. 

HLA typing, HLA typing was performed by the Massachusetts 
General Hospital Tissue Typing Laboratory using standard serologi- 
cal techniques. 

Recombinant vaccinia viruses. Recombinant vaccinia viruses 
expressing the full-length p55 (v/p55). and subunlt pi 7 (v/pl7J and 
p24 (v/p24) gag proteins, were constructed from the BHIO plasmld 
of Hrv-l as previously described (6).® Recombinant vaccinia viruses 
expressing the HIV-1 RT (VCF21). envelope (PE16) and the control 
lacZ (v/lac) genes were provided by Dr. Bernard Moss. 

Synthetic HiV l gag pepttdes. Synthetic peptides corresponding 
to the p55 BHIO sequence were synthesized by Multiple Peptide 
Systems (San Dtego. CA) using t-butoxycartwnyl N-protected aas and 
4-methylbcnzhydramlne resin In the "tea bag" methodology of 
Houghten (27). Peptides were cleaved from the resin with anhydrous 
hydrogen fluoride, washed with ether, extracted with 10% acetic 
acid, and evaluated for purity by reverse-phase analytical HPLC. 
Peptides for the pi 7 sequence consisted of a series of peptides 25 aa 
In length and overlapping by 8 aa. Peptides for the p24 sequence 
consisted of peptides 22 aa In length and overlapping by 12 aa. All 
peptides were synthesized as C-termlnal amides. Amino acids are 
numbered as Indicated for the HIV-1 BHIO clone (28). Additional 
smaller peptides (8-17 aa) were synthesized for fine mapping using 
a technique similar to that descrll)ed above (29). Lyophlllzed peptides 
were reconstituted at 2 mg/ml In sterile distilled water with 10% 
DMSO (Sigma) with or without 1 mM dithlothreltol (Sigma). 

Fractionation of lymphocytes using magnetic affinity cell sort- 
ing. PBMC were separated Into CDS* lymphocyte -enriched and CD8* 
lymphocyte-depleted fractions using an antl-CD8 mAb covalently 
conjugated to magnetic particles (BloMag Particles, Collaborative 
Research Incorporated. Bedford, MA). Following separation on Flcoll- 
Hypaque density gradients (Sigma), PBMC were washed twice In 
RPMI and then resuspended at 10^ cells/ml in RPMI with 1% FCS. 

■^Koup, R. A.. C, A. Pikora. K. R, Luzuriga, G. P. Mazzara, D. L. 
Panicall. and J. L. Sullivan. Limiting dilution analysis of cytotoxic T 
lymphocytes to human Immunodeficiency virus gag antigens In infected 
persons: quantitation of effector cell populations with pi 7 and p24 spec- 
ificities. Submltteajor publication. 



PBMC were then Incubated at 4^ for 60 mln with magnetic antl- 
CD8 antibody at a final cell concentration of 5 x 10* cells/ml and 
particle to cell ratio of 25: 1 . CDS* lymphocytes bound to magnetic 
particles were then separated from the remaining PBMC using a 
high field strength magnetic separator (Collaborative Research In- 
corporated). Magnetic separation was then repeated for both CDS* 
lymphocyte-enriched and CDS* lymphocyte-depleted cell popula- 
tions, and these fractions were then suspended In RPMI with 10% 
heat-lnactlvated FCS. CDS* lymphocytes bound to magnetic particles 
were cultured overnight at 10^ cells/ml and then magnetic particles 
removed from CDS* lymphocytes by using the magnetic separator. 
Cell viability for Iwth CDS* lymphocyte-enriched and CDS* lympho- 
cyte-depleted fractions exceeded 95%. 

Generation of HIV-1 -specific CTL clones, CTL clones were iso- 
lated and maintained using a modification of a technique described 
previously (26). Briefly, PBMC from seropositive subjects were seeded 
at 50, 25, or 10 cells per well in 96-well plates In a final volume of 
200 ^1 per well of feeder cell solution containing lOVml irradiated 
allogeneic PBMC from HIV-1 seronegative subjects In RPMI with 10% 
heat-lnactlvated FCS supplemented with 100 U/ml of human rIL-2 
(Hoffman-La Roche, NutJey. NJ; I. E. Du Pont, N. Blllertca. MA. or 
Boehringer Mannheim. Indianapolis, IN). The CD3-speclflc monoclo- 
nal antibody 12F6 (30} was added at 0.1 ^g/ml as a stimulus to T 
cell proliferation. Plates were incubated at 37**C In a humidified 
chamber with S% CO, and fed one or two times per week with partial 
medium exchanges. After 2 to 3 wk. the percentage of wells exhib- 
iting growth was approximately 40 to 60% of wells plated at 50 cells/ 
well. 15 to 35% of wells plated at 25 cells/well and 12 to 18% at 10 
cells/well. Cells from wells demonstrating growth were then trans- 
ferred to 24-well plates and restlmulated by adding 1 ml of rIL-2- 
contalnlng medium with 10* Irradiated feeder cells/ml and antl-CD3 
mAb at 0.1 /ig/ml. Approximately 2 wk later clones were screened 
for CTL activity. Clones exhlblUng CTL activity were then restlmu- 
lated every 10 to 14 days by resuspending In feeder cell solution 
with antl-CD3 mAb. CTL clones were also generated by stimulating 
CDS* lymphocytes obtained by magnetic affinity cell sorting with 
PHA-P (5 Mg/ml. Dlfco. Detroit. MI) in RPMI supplemented with 10% 
FCS and 100 U riL-2 for 3 days, and then plating at limiting dlluUon 
In the presence of irradiated feeder cells. Clones were restlmulated 
every 2 wk by resuspending with irradiated feeder cells supple- 
mented with 10% PHA-P-conditloned supernatant from HIV-1 sero- 
negative PBMC. Clones obtained in this fashion were screened as 
described above. 

Flow cytometry analysis. Cells to be analyzed (0.5 to 1.0 x 10* 
cells) were washed once In PBS and then Incubated with a fluores- 
cent probe-conjugated antl-CD4 mAb, anti-CD8 mAb. or a similarly 
labeled control mAb {Coulter Electronics, HIaleah. FL). Following a 
30-min incubation at 4*C cells were washed In PBS. fixed with 2% 
paraformaldehyde in PBS, mixed with an equal volume of PBS with 
2% FCS and analyzed with a FACScan flow cytometer (Becton Dick- 
inson. Mountain View, CA). 

Cytotoxicity Assay. Target cells consisted of B-LCL infected with 
recombinant vaccinia or prelncubated with synthetic HIV-1 gag 
peptides. Vaccinia-infected targets were prepared by incubating 2.5 
to 10 X 10^ B-LCL tn log-phase growth with recombinant vaccinia at 
1 to 5 plaque-forming U/ccU for 16 h at 37''C. Cells were then labeled 
with 100 to 150 mCI of Na2(**Cr04) (New England Nuclear) for 45 to 
60 mln and washed three times with RPMI with 10% FCS. Peptlde- 
coated targets were obtained by Incubating 2 to 3 x 10* B-LCL with 
peptide (40 to 200 ^g/ml) for 1 to 16 h and then labeling with 100 to 
150 /iCi of Na2(**Cr04) for 60 mln. Cytolytic activity was determined 
m a standard "Cr-release assay (10) using U-bottom microtlter plates 
containing 10* targets per well. PBMC were obtained by Ficoll/ 
Hypaque centrifugatlon. resuspended In RPMI with 10% FCS. and 
tested at E:T ratios ranging from 100: 1 to 12.5:1 In a 5- to 6-h assay. 
CTL clones were tested at E:T ratios ranging from 10: 1 to 1 : 1 in a 4- 
h assay. All assays were performed In either duplicate or triplicate. 
Supematants were then harvested and counted on a Cobra Gamma 
Counter (Packard Instrument Company, Meriden. CT) and percent 
cytotoxicity determined from the formula: 100 x [(experimental re- 
lease - spontaneous release)/(maxlmum release - spontaneous re- 
lease}]. Maximum release was determined by lysis of targets In water 
or detergent (1 % Triton X-100. Sigma). Spontaneous release was less 
than 30% of maximal release unless otherwise noted. 



RESULTS 

CTL activity of unstimulated PBMC against HIV-1 
proteins and gag-subunlt vectors. Unstimulated PBMC 
obtained from the three HIV-1 seropositive Individuals 
selected for this study exhibited vigorous specific cytoly- 
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TABLE [I 

gag-specific CTL activity is mediated by CD8* lymphocytes 







F»erccnt Specific Lysis'* 




Subject 


Unfractlonated 
PBMC* 


CD8* lymphocyte- 
enrtched PBMC"^ 


CDS* lymphocyte- 
depleted PBMC* 




Lac Gag 


Lac Gag 


Lac Gag . 


010-035i 

olo-nsi 


0 61 
7 28 


0 62 
4 24 


6 15 

7 6 



" A total of 10* targets were labeled with '*Cr and Incubated with effector cells for 5 to 6 h. The E:T ratio for all assays 
was 50: 1 except for CDS* lymphocyte-enriched PBMC from subject 0 10- 1 1 51 which were tested at 40: 1 . Targets consisted 
of autologous B-LCL expressing either p55 gag or lac control. Spontaneous release varied from 12 to 26%. 

* Unfractlonated PBMC were prepared by Flcoll-Hypaque centrlfugatfon. 

" CDS* lymphocyte-enriched PBMC were Isolated from unstimulated PBMC using magnetic ant1-CD8 mAb and contained 
1 to 2% CD4* lymphocytes. 

** CD8*-lymphocyte depleted PBMC were prepared from unstimulated PBMC by removing CDS* lymphocytes with 
magnetic anti-CD8 mAb. Residual CDS* lymphocytes were <1 % for subject 010- 1 15i and 9% for subject 010-0351. 




Subject 0100351 



Effector:Target Ratio 

■ 100:1 
Q 50:1 
□ 25:1 



mm IIB II 



Auto 



A1 




All 



SubfKt 0100631 



B8 



Bw62 



Auto 



A1 A32 A1,B8 

SubfMt 010-1151 




A1.BW57 




Auto A2 A2B B14 Bw52 

Figure 1 , gag-spectf Ic cytoloysis by unstimulated PBMC is restricted 
by HLA class I Ag. Autologous [Auto] or allogeneic targets matched at the 
Indicated HLA class I Ag were infected with recombinant vaccinia ex- 
pressing either the HIV-l p55 gag gene or control lacZ protein, gag- 
specific lysis was calculated for each target tested by subtracting the 
specific lysis of lac-expresslng targets from the specific lysis of gag- 
expressing targets, gag-speclflc cytotoxicity was simultaneously tested 
for alt targets for each subject In a 6-h '*Cr release assay by using fresh 
unstimulated PBMC as effector cells at E:T ratios of 100:1. 50:1. and 
25:1. Spontaneous release varied from 12 to 27%. Cytolytic activity 
against v/lac Infected targets ranged from 2 to 6% for autologous targets 
and 0 to 24% for allcgeneic targets. Complete HLA types for the three 
subjects are as foUows: 010-0351. Al, Al 1; B8. Bw62; Cw4; DR3. Drw52. 
D9w2: 010-063J. Al. A32; B8. Bw57; Bw4. Bw6; Cw6, Cw7: DR2. DR3. 
Drw52, DQwl. Dgw2: 010-1151. A2. A28; B14. Bw52; Bw4. Bw6; DRl, 
DR2.D9wl. 

been observed using bulk unstimulated PBMC, the ma- 
jority of these clones recognized p24. In addition, two 
clones (35E3 and 1 ISQS) were Isolated which lysed pl7- 
expr sslng targets. Phenotyplc analysis of gag-speclfic 
CTL clones revealed them to be CD3*CD4-CD8* (data not 




Subtsci 0104951 



p24 m 111 113 11S 117 11fl 121 123 125 127 129 131 



p55 




Sub|«ct 0100631 



Ik: p24 10« 111 113 115 117 119 121 123 125 127 129 131 
p55 



SubjMt 010-1151 




Figure 2. Epitope specificity of gag-speclflc CTL in unstimulated 
PBMC. Autologus B-LCL were either Infected with recombinant vaccinia 
expressing the control lacZ (lac), HIV-l p55 (p55). p24 (p24). or Incu- 
bated with a panel of overlapping synthetic peptides corresponding to the 
HTV-l p24 sequence. After labeling. B-LCL were then used as targets in 
a 6-h **Cr-release assay by using fresh unstimulated PBMC at an E:T 
ratio of 100:1. Spontaneous release varied from 12 to 2796. All targets 
were tested simultaneously for each subject. Amino add sequences for 
the peptides containing the dominant epitopes for each Individual are: 
P24/110 (aa 143-164) VHQAISPRTLNAWVKVVEEKAF; p24/lll (aa 
153-174) NAWVKWEEKAFSPEVIPMFSA: p24/121 (aa 253-274) 
NPPIPVGEIYKRWIILGLNKIV: p24/122 (aa 263-284) KRWIILGLNKI- 
VRMYSPTSILD: p24/125 (aa 293-314) FRDYVDRFYKTLRAEQASQEVK: 
p24/126 (aa 303-324) TLRAEQASQEVKNWMTETLLVQ. 

shown). 

HLA restriction of gag-specific CTL clones. To define 
the HLA restriction of gag-speclflc CTL clones, cytolytic 
activity was tested against a panel of allogeneic B-LCL 
infected with v/p55 and matched at various class I HLA 
Ag. Consistent with their CDS^CDS'' phenotype, all CTL 
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TABLE UI 

Cytolytic activity of gag-specific CTL clones 



Percent Specific Lysis" 

Sublcct Clone 

lac**^ p55 p24 pi 7 RT Env K562 



010-0351 


35E3 


1 


35 


6 


31 


9 


2 


ND 




35G26 


3 


39 


52 


5 


0 


4 


ND 




35J18 


1 


39 


31 


2 


ND 


3 


ND 


010-063J 


63C21 


0 


73 


74 


2 


1 


0 


9 




63F15 


0 


45 


46 


2 


0 


0 


0 


010-1151 


115A19 


0 


60 


80 


I 


0 


0 


0 




115G18 


0 


73 


79 


0 


3 


0 


ND 




115M15 


0 


57 


67 


0 


2 


0 


ND 




115N2 


0 


42 


62 


0 


1 


0 


3 




U596 


3 


52 


8 


37 


2 


1 


ND 



" A total of 10* target ceUs were labeled with **Cr and Incubated with effector cells for 4 h. The E:T ratio for all assays 
was 10:1 except clone 35J18 which was tested at 2:1. Spontaneous release varied from 7 to 26%. 

* Target cells were prepared from autologous B-LCL Infected for 16 to 18 h with recombinant vaccinia expressing the 
control lacZ gene (lac). HIV-l p55 (p55). p24 (p24), pi 7 (pl7). RT, or envelope (Env) proteins, or the NK-sensltlve cell line 



TABLE IV 

gag-specific CTL clones from subject 010-1151 are HLA class I 

restricted 



Shared HLA Ag 
of Target Cell" 




Percent gag-Specif to Lysis** 




n5A19 


USGie 


U5M15 


115N2 


11506 


Auto 


62 


73 


53 


43 


57 


A2 


2 


0 


0 


1 


42 


A28 


0 


0 


0 


0 


ND 


B14 


0 


34 


36 


25 


2 


Bw52 


23 


0 


0 


0 


0 



" Targets consisted of autologous (Auto) or allogeneic B-LCL matched 
at Indicated HLA Ag which were Infected with either v/p55 gag or v/lac. 
The restriction pattern of clone 1 1 5A 1 9 was confirmed with two different 
Bw52-matched targets. 

*A total of 10* targets were labelled with "'Cr and Incubated with 
effector cells at an E:T ratio of 10:1 for 4 h except for clone 1 15Q6 for 
which the E:T ratio was 5:1. gag-speclfic lysis was calculated for each 
target by subtracting the specific lysis of lac-expressing targets from the 
specific lysis of gag-expressing targets. Spontaneous release varied from 
6 to 25%. Lysis of lac -expressing target cells ranged from 0 to 5%. 

clones were found to be class I restricted (Tables IV and 
V). In each case, the HLA Ag restricting these clones were 
Ag which had been shown to restrict lysis when bulk 
PBMC from the same donor were used as effector cells. 
For example, the majority of CTL clones from subject 
010-1151 were restricted by HLA B14» the dominant re- 
stricting Ag for unstimulated PBMC from this subject, 
and each of the remaining clones isolated from this sub- 
ject (115A19 and 11596) was restricted by one of the 
minor restricting Ag, Bw52 and A2, respectively. The 
HLA restriction pattern of CTL clones from the other two 
subjects was also similar to that observed using their 
unstimulated PBMC. 



Epitope mapping of gag-specific CTL clones. Mapping 
of specific epitopes recognized by gag-speclfic CTL clones 
was performed using autologous targets cells incubated 
with one of a series of overlapping peptides corresponding 
to either the HIV-l pi 7 or p24 sequence. The majority of 
p24-speclfic clones recognized peptides which were also 
recognized by the unstimulated PBMC from the same 
subject. Thus, of the two p24-speciflc CTL clones ob- 
tained from subject 010-035i, one clone was specific for 
each of the two dominant pepUdes which sensitized tar- 
gets for lysis by PBMC from this subject (Table VI). Sim- 
ilarly, CTL clones obtained from subject 010-063J recog- 
nized one of the two peptides which were recognized by 
autologous PBMC (Table VII). However, each clone was 
specific for only one of the two adjacent overlapping 
peptides, even though both shared the same HLA restrict- 
ing element. AH of the HLA B14-restrlcted, p24-specific 
clones obtained from subject 010-1151 recognized p24/ 
125, the dominant peptide recognized by fresh unstimu- 
lated PBMC from this subject, but recognition of the 
adjacent peptide p24/126 varied among clones, ranging 
from approximately equal levels of lysis by clone 115 
M15 to no significant recognition by 1 15G18 (Table VIII). 

Epitope specificity for each of the pl7-specific CTL 
clones was defined by examining lysis of autologous tar- 
gets Incubated with a panel of overlapping peptides cor- 
responding to the entire pi 7 sequence (Table IX). Each 
clone recognized a different epitope: the Bw62-restricted 
clone 35E3 lysed only targets incubated with peptide 
pi 7/2 (aa 18-42), whereas the A2-restrlcted clone 1 ISQS 



TABLE V 

gag-specific CTL clones from subjects 010-0351 and OIO-OGSJ are HLA class 1 restricted 



Percent gag-specific lyst^ 
Subject 01 0-O35I 




Percent gag-specific lysis 
Subject 01 0-063J 




Shared HLA 
Ag of target 
cell* 


35E3 


35G26 


Shared HLA Ag 
of target celi 


63JC21 


63JF1S 


Auto 


32 


36 


Auto 


33 


25 


Al 


0 


0 


Al. DR2 


0 


2 


B8 


0 


64 


Al. B8, DR3 


1 


0 


All 


0 


0 


A32 


0 


0 


Bw62 


22 


0 


Al, Bw57 


26 


17 



°A total of 10* targets were labeled with **Cr and Incubated with effector cells at an E:T ratio of 10:1 for 4 h. gag- 
speclfic lysis was calculated for each target tested by subtracting the specific lysis of lac -expressing targets from the 
specific lysis of gag-expressing targets. Spontaneous release varied from 7 to 32%. Lysis of lac-expresslng target cells 
ranged from 0 to 8%. 

"Targets consisted of autologous (Auto) or allogeneic B-LCL matched at Indicated HLA Ag which were Infected with 
cither v/p55 or v/lac. 
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TABLE VI 

Epitope mapptng of p24-specijlc CTL clones Jrom subject 010-0351 



Peptide 


aa 


Percent Specific Lysis" 
35C26 35J18 


P24/120 


243-264 


3 


1 


p24/12l 


253-274 


87 


2 


p24/l22 


263-284 


4 


36 


p24/l23 


273-294 


3 


0 


p24/l27 


313-334 


3 


2 


p24/l28 


323-344 


1 


ND 



"A total of 10* targets were labeled with "'Cr and Incubated with 
effector cells for 4 h. The E:T raUo for 35G26 was 10:1 and 35J18 was 
2.5: 1 . Targets consisted of autologous B-LCL Incubated with the indicated 
peptide for 1 h at a final concentration of 1 00 ng/mh Spontaneous release 
varied from 12 to 22%. 

TABLE VII 

Epitope mapping of p24-speclfic CTL clones Jrom subject OIOOSSJ 







Percent Specific Lysis** 


PepUde 


aa 








63JC21 63)F15 


P24/109 


133-154 


I 0 


p24/110 


143-164 


0 16 


p24/lll 


153-174 


16 0 


P24/112 


163-184 


0 1 



"A total of 10* targets were labeled with "^Cr and Incubated with 
effector cells for 4 h. The E:T ratio for all clones was 10:1. Targets 
consisted of autologous B-LCL incubated with the Indicated peptide for 1 
h at final concentration of 100 ng/m\. Spontaneous release varied from 8 
to 15%. 

TABLE Vni 

Epitope mapping of p24-speclfic HLA B14-restricted CTL clones from 

subject 010' 1151 



Percent Specific Lysts" 



Peptide 


aa 


ll&Gie 


115M15 


115N2 


P24/124 


283-304 


0 


0 


0 


p24/125 


293-314 


40 


23 


84 


p24/l26 


303-324 


2 


17 


29 


p24/127 


313-334 


0 


0 


1 



"A total of 10* targets were labeled with **Cr and incubated with 
effector cells for 4 h. Clones were tested at an E:T ratio of 10:1 against 
all targets simultaneously. Targets consisted of autologous B-LCL Incu- 
bated with the indicated peptide for 16 h at a final concentraUon of 40 
Mg/ml. Spontaneous release varied from 20 to 24%. 

TABLE IX 

Epitope mapping of pl7-spectflc CTL clones 



Peptide 


aa 


Percent Specific Lysis'* 
35E3 11596 


pl7/l 


1-25 


0 


3 


pi 7/2 


18-42 


44 


6 


pi 7/3 


35-59 


0 


4 


pi 7/4 


52-76 


0 


3 


pl7/5 


69-93 


1 


64 


pl7/6 


86-110 


1 


4 


pl7/7 


103-127 


0 


1 


pl7/8 


120-144 


0 


1 



"A total of 10* targets were labeled with »'Cr and Incubated with 
effector cells at an E:T of 5: 1 for 4 h. Targets consisted of autologous B- 
LCL incubated with the Indicated peptide for 1 h at a final concentration 
of 100 *ig/ml. The sequence of peptide pi 7/2 is KIRLRPGGKKKYKLK- 
HIVWASRELE and of pi 7/5 Is QTGSEELRSLYNTVATLYCVHQRIE. 
Spontaneous release varied from 13 to 24%. 

lysed targets sensitized with peptide pi 7/5 (aa 69-93). 

Peptide sensitized targets did not readily Identify the 
epitope recognized by a CTL clone in all instances. De- 
spite significant lysis of autologous targets infected with 
v/p55 by the p24-speclflc clone 115A19 (see Table III), 
initial screening with this clone against a panel of target 
cells incubated with p24 peptides yielded only low level 
(<10%) but reproducible lysis against a single peptide 
(data not shown). After overnight incubation of autol- 



ogous targets with individual peptides at 200 ng/mh sig- 
nificant lysis of targets sensitized with peptide p24/115 
was observed* although still significantly less than that 
demonstrated against targets Infected with v/p55 (Figure 
3). The reason that a prolonged incubation period with a 
high concentration of peptide was required to sensitize 
target cells for lysis by this particular clone remains 
unknown. 

HLA restriction of p24 peptides recognized by un- 
stimulated PBMC, By identifying the restricting Ag of 
CTL clones which were specific for peptides recognized 
by PBMC from each subject » we were able to demonstrate 
the restricting Ag for the majority of dominant p24 pep- 
tides recognized by unstimulated PBMC. In two cases, 
additional experiments using unstimulated PBMC as ef- 
fector cells were conducted to define the HLA restriction 
of specific peptides. The majority of gag-specific CTL 
activity In PBMC from subject 010-0351 was directed 
against the two adjacent peptides p24/l 21 and p24/122, 
a finding compatible with either a single epitope in the 
overlap region between the two peptides or two epitopes 
in nonoverlapping regions of the adjacent peptides. How- 
ever, analysis of the epitope specificity of CTL clones 
obtained from this subject demonstrated that there are 
two separate epitopes contained in these peptides, each 
clone recognizing only one of these overlapping peptides 
(see Table VI). The HLA Ag restriction of clone 35J18, 
which recognizes the peptide p24/122, could not be de- 
finitively shown due to the inability to propagate this 
clone In long term culture. Experiments using PBMC from 
subject 010-0351 demonstrated that recognition of pep- 
tide p24/122 was Bw62 restricted and confirmed that 
the two peptides contained distinct epitopes (Fig. 4). Lysis 
of HLA-matched, allogeneic peptide-sensitlzed targets by 
unstimulated PBMC was also used to define the HLA 
restriction of peptide p24/l 13. one of the peptides which 
was recognized by PBMC from subject 010-115i. CTL 
assays using unstimulated CD8^ cells from subject 010- 
1151 obtained by magnetic affinity cell sorting showed 
that recognition of peptide p24/113 was restricted by 
HLA B14 (data not shown), the same Ag which restricted 
lysis of peptide p24/125 in this subject. Although recog- 
nition of peptide p24/127 by PBMC from subject 010- 
0351 was confirmed In subsequent assays, no CTL clones 
specific for this peptide were obtained, and the HLA 
restriction of this peptide was not defined. 




□ Uc 

■ v/p55 

■ P24/114 
Q P24/115 

■ P24/116 
B P24/12S 



Figured. Identification of the epitope for the Bw52-rcstrlcted CTL 
clone 1 15A19. Autologous B-LCL were either infected with recombinant 
vaccinia expressing the control lacZ protein (lac) or HIV-1 p55 (p55j. or 
incubated with synthetic peptides for 16 hours at 200 Mg/ml- Peptide 
p24/l 14 corresponds toaa 183 to 204. p24/115aa 193 to 214. p24/n6 
aa 203 to 224 and p24/125 to aa 293 to 314. The aa sequence of peptide 
p24/l 15 Is GHQAAMQMLKETINEEAAEWDR. After labeling. B-LCL were 
then used as targets In a 4-hour release assay using the CTL clone 1 1 5A 1 9 
at an E/T ratio of 5:1. Spontaneous release varied from 7 to 14%. 
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■ P24/121 
0 P24/122 

■ P24/123 



Auto 



B8 



Bw62 



Figure 4. The overlapping peptides p24/l 2 1 and p24/ 1 22 contain two 
distinct CTL epitopes which arc restricted by different HLA Ag. Target 
cells were prepared from autolgous [Auto) or allogeneic B-LCL matched 
at HLA class I Ag and Incubated with the Indicated peptide at 100 Mg/ml 
for 1 h. Effector cells consisted of fresh unstimulated PBMC obtained 
from subject 010-0351. A total of 10* target cells were labeled with «'Cr 
and incubated with effector cells at an E:T ratio of 100:1 for 5 h. 
Spontaneous release varied from 15 to 25%. 

Fine mapping of the B14-restricted p24 gag epitope. 
Two CTL clones specific for the B14-restrlcted peptide 
p24/125 could be maintained in long term culture, thus 
permitting fine mapping of this epitope. CTL clones 1 15 
M 1 5 and 1 1 5N2 were tested against a panel of autologous 
targets cells sensitized with synthetic peptides (Table X). 
Peptides were synthesized with sequential truncations at 
either the N-terminal or C-terminal end of the putative 
epitope defined by the overlap between peptides p24/l 25 
and p24/126. The minimal epitope suggested by these 
results Is the 9-aa sequence RAEQASQEV corresponding 
t aa 305-313. As anticipated from the results obtained 
using the panel of overlapping 22 aa peptides (Table VllI), 
this epitope Is entirely contained within the overlap re- 
gion shared by peptides p24/125 and p24/126. 

DISCUSSION 

The present study provides a detailed analysis of the 
fine specificity of gag-specific CTL responses in three 
HIV- 1 seropositive individuals. As demonstrated previ- 
ously (12, 14, 15). the gag-specific CTL response was 
found to be mediated by CD3*CD8^ lymphocytes which 
are HLA class I restricted. The majority of the gag-specif Ic 
CTL response was directed against p24. although a minor 
response was directed against pi 7. Similar results have 
been obtained using precursor frequency analysis of un- 



stimulated PBMC obtained from HIV-1 seropositive he- 
mophiliacs, although an increased percentage of pl7- 
speclflc CTL was found In memory CTL (see footnote 5). 
Lower levels of gag-speclfic CTL activity reported previ- 
ously from this laboratory (10, 26) are related to the 
recombinant vector used in the earlier studies (R. P. 
Johnson, D. Kuritzkes, B. D. Walker, unpublished obser- 
vations). 

The epitope specificity and HLA restriction of CTL 
clones paralleled in large part the activity seen with 
unstimulated PBMC. All clones isolated were restricted 
by HLA Ag which restricted gag-specific cytolysis by 
donor PBMC. and CTL clones were obtained from each 
subject which recognized the dominant peptides recog- 
nized by bulk PBMC. In several Instances, however, 
analysis of epitope specificity of CTL clones revealed fine 
distinctions not readily apparent from data obtained us- 
ing PBMC. CTL clones obtained by the technique used in 
this study, which does not Involve in vitro stimulation 
with viral Ag. thus constitute a valuable tool to analyze 
the CTL response in HIV-1 infected individuals, in that 
these clones reflect Ag specificity determined In vivo and 
can be used to analyze cellular immune responses in 
detail. 

A remarkable feature of the gag-speclfic CTL activity 
observed in these subjects is the heterogeneity of re- 
sponses, both with respect to HLA restriction patterns 
and recognition of specific epitopes. With regard to HLA 
restriction, multiple HLA types were observed to present 
gag epitopes. In each of these three subjects, two or three 
class I Ag were found to restrict gag-specific CTL activity 
in PBMC. and a total of seven restricting Ag were identi- 
fied. A similar diversity of HLA restriction was observed 
previously with HIV-1 RT-specific CTL clones (26). 

The heterogeneity of CTL responses was also reflected 
in the epitope specificity of gag-speclfic CTL. A total of 
nine HIV-1 gag synthetic peptides were found to sensitize 
targets for recognition by class 1-restricted CTL from 
these three seropositive subjects (Table XI). (Peptide p24/ 
127 was recognized by unstimulated PBMC from subject 
0 1 0-035, but the restricting HLA Ag was not determined.) 
Two of the three subjects recognized at least four epitopes 
in the gag protein; for each of these subjects, three epi- 
topes in p24 and one in pi 7 were Identified. In the 
remaining subject we were unable to determine if the 
CTL were directed against two nonoverlapping epitopes 



TABLE X 

Fine mapping of the HLA Bl4-restricte<i p24 epitope using CTL clones from subject 010- 1 1 51 



Peptide 



Percent Specific Lysis* 



Sequence 



IISMI5 



3:1 



1:1 



U5N2 



3:1 



1:1 



125A 


DRFYKTLRAEQASQEVK 


55 


32 


43 


35 


125B 


FYKTLR AEQASQEVK 


56 


35 


29 


26 


125C 


YKTLR AEQASQEVK 


74 


43 


54 


43 


125D 


KTLRAEQASQEVK 


54 


35 


27 


20 


125E 


TLR AEQASQEVK 


20 


16 


9 


7 


125r 


LRAEQASQEVK 


56 


25 


47 


26 


125G 


R AEQASQEVK 


58 


25 


71 


43 


125K 


AEQASQEVK 


ND 


ND 


3 


0 


125L 


EQASQEVK 


ND 


ND 


0 


0 


125H 


DRFYKTLRAEQASQEV 


45 


27 


31 


23 


1251 


DR FYKTLR AEQASQE 


0 


0 


1 


1 


125 J 


DR FYKTLR AEQASQ 


0 


1 


0 


0 



" A total of 10* targets were labeled with *'Cr and incubated with effector cells for 4 h at E:T ratios of 3:1 and 1:1. 
Targets consisted of autologous B-LCL Incubated with the Indicated peptide for 60 min at a final concentration of 100 ttg/ 
ml. Spontaneous release varied from 10 to 15%. Peptide 125A corresponds to aa 298-314 of the HIV-1 gag protein. 
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TABLE XI 

HlV-1 gag synthetic peptides recognized by CTL from three HIV- 1 seropositive subjects 



Subject 


Specificity 


HLA 


Peptide 


aa 


Sequence 


010-035i 


P- 
pl7 
p24 
p24 

p24 
p24 


Bw62 
B8 

Bw62 


pl7/2 

p24/121 

P24/122 


18-42 
253-274 
263-284 


KIRLRPGGKKKYKLKHIVWASRELE 

NPPIPVGEIYKRWIILGLNKIV 

KRWIILGLNKIVRMYSPTSILD 


010-063J 


Bw57 
Bw57 


p24/ll0 
p24/in 


143-164 
153-174 


VHQAISPRTLNAWVKWEEKAF 
NAWVKWEEKAFSPEVIPMFSA 


010-1151 


pl7 
p24 
p24 
p24 


A2 
B14 
Bw52 
B14 


pi 7/5 
p24/113 
p24/115 
p24/125G 


69-93 
173-194 
193-214 
305-314 


QTGSEELRSLYNTVATLYCVHQRIE 
SALSEGATPQDLNTMLNTVGGH 
GHQAAMQMLKETINEEAAEWDR 
RAEQASQEVK 



contained in adjacent peptides or If this discrepancy re- 
flected heterogeneous responses to the overlap region 
common to the two peptides. The limited ability to prop- 
agate clones from this subject in vitro has precluded a 
definitive answer to this question. 

Several of the epitopes described In this study are 
similar to CTL epitopes described previously, but with 
some important distinctions. The B8-restricted peptide 
p24/121 (aa 253-274) recognized by CTL from subject 
010-0351 contains a B8-restricted epitope, aa 253-267 
(sequence numbering modified to correspond with (28)) 
recently described by Gotch et al. (25). Targets Incubated 
with this peptide were not lysed by unstimulated PBMC 
obtained from the other B8-positlve subject In this study, 
subject 010-063J, despite the presence of a vigorous gag- 
specific response. Another peptide which was found to 
sensitize targets for lysis by gag-specif Ic CTL in this study 
Includes a gag CTL epitope described previously, although 
the HLA restricting element differs. The Bw62-restricted 
peptide p24/122 (aa 263-284), recognized by PBMC from 
subject 010-0351, includes the B27-restricted p24 epitope 
identified by Nixon et al. (12), aa 263-277 (numbering 
modified to correspond with (28)). Other peptides contain- 
ing CTL epitopes have been shown to bind to more than 
one HLA molecule (32, 33), and as increasing numbers 
of CTL epitopes are discovered, it appears likely that more 
peptides will be Identified which may be presented by 
multiple HLA types. 

We have observed both In the present study and in a 
prior analysis of HIV-1 RT CTL epitopes (26) that CTL 
from a single person may recognize multiple epitopes 
within a given protein and that the CTL epitopes within 
a given protein are likely to differ in different subjects. 
These observations suggest that there are likely to be a 
relatively large number of CTL epitopes. However, prior 
reports have noted that CTL responses in Immunized or 
Infected animals were directed against a relatively limited 
number of epitopes, and that CTL responses in an indi- 
vidual were likely to be directed against a single immu- 
nodominant epitope. For example, studies of HIV-1 en- 
velope-specific CTL In mice immunized with a recombi- 
nant vaccinia virus expressing HIV- 1 gpl 60 (34) and gag- 
specific CTL in SIV-lnfected macaques with a common 
MHC type (35) documented that CTL responses specific 
for a given protein In these animals were directed pre- 
dominantly at a single epitope. An analysis of mice in- 
fected with influenza identified only two dominant CTL 
epitopes In the influenza hemagglutinin, and neither of 
these epitopes was recognized by several species of mice 
with unrelated MHC haplotypes (36). In contrast, our 
current analysis of gag-specif Ic responses shows that one 



individual may recognize as many as four different CTL 
epitopes In the gag protein and that even unstimulated 
PBMC may exhibit significant lysis against multiple gag 
epitopes. Indeed, our comprehensive mapping of CTL 
epitopes In seropositive subjects has Identified up to 10 
HIV-1 epitopes which are recognized by CTL from a single 
subject (four in gag, four In RT, and two In envelope; R. 
P. Johnson and B. D. Walker, unpublished data). A com- 
parable degree of heterogeneity in epitope specificity was 
also noted in a recent analysis of envelope-specific CD4* 
CTL obtained from HIV- 1 seronegative subjects who were 
immunized with a recombinant gpl 60 vaccine (37). 

The gag CTL epitopes identified in the present study 
are relatively conserved among HIV-1 isolates. For ex- 
ample, among sequenced HIV-1 Isolates the B14-re- 
stricted epitope, aa 305-313. exhibits conservative aa 
substitutions In two positions (28). Although It appears 
likely that CTL specific for these conserved gag epitopes 
will recognize sequences from a variety of HIV-l Isolates, 
prior studies of the consequences of aa variation In HIV- 
1 epitopes have shown variable effects on recognition by 
human HIV- 1 -specif Ic CTL. Hammond et al. (38) noted 
that even single conservative aa substitutions may alter 
CTL specificity for HIV-1 epitopes. However, Nixon et al. 
(39) showed that B27-restricted CTL which recognize the 
epitope 263-277 also recognize target cells Incubated 
with the peptide corresponding to the HIV-2 sequence, 
which differed in 5 of the 15 aa. 

Several features of p24 make it an attractive candidate 
for inclusion in a subunit vaccine. The identification of 
multiple epitopes In p24 and the presentation of these 
epitopes by multiple HLA types suggest that a vaccine 
which included p24 gag would have the potential to In- 
duce cellular immune responses in a high percentage of 
recipients. The potential effectiveness of p24 in eliciting 
cellular Immune responses is further supported by the 
identification of several Th epitopes in this protein (40). 
The diversity of gag epitopes and their association with 
different HLA molecules Is likely to limit the effectiveness 
of a single peptide to induce CTL responses In genetically 
diverse populations. However, a pool of several HIV-l 
peptides, each of which can be presented by multiple 
HLA Ag, might be able to overcome this limitation. 

Antigenic variation within critical epitopes recognized 
by the host Immune system has been proposed as a 
mechanism by which HIV may escape host responses 
(41-43)i Antigenic variation within a CTL epitope has 
been demonstrated to occur in mice transgenic for a 
virus-specific TCR who were infected with lymphocytic 
choriomeningitis virus (41). On the basis of studies In 
inbred mice strains which suggested that only a limited 
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number of CTL epitopes existed, other investigators Iiave 
suggested that mutation in a relatively few epitopes might 
lead to escape fr m the cellular immune response (44, 
45). In contrast, our results demonstrate that CTL from 
humans infected with HIV-l are able to recognize multi- 
ple epitopes, even within a single protein. However, the 
ability of single aa changes to abrogate recognition by 
CTL of HIV-l epitopes (38. 45) and the observation that 
aa variation may occur even within relatively conserved 
epitopes (46), suggest that antigenic variation may be an 
important mechanism of Immune evasion by HIV-l from 
the host cellular immune response. The availability of 
CTL clones with defined epitope specificity should facil- 
itate studies designed to examine the role of viral se- 
quence variation In escape from Immune recognition. 
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